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 I 
Abstract 
 
In the first study of this thesis, spermatogenesis of P. monodon was comprehensively 
described using light and transmission electron microscopy (TEM). A novel characteristic of 
early spermatocytogenesis was a ring-like structure with high electron-density adjacent to 
the nucleus of a primary spermatocyte. During spermiogenesis, acrosome formation and 
nuclear decondensation were the most notable morphological transformations. In the 
cytoplasm of the spermatid, the association of mitochondrion-like bodies and endoplasmic 
reticula contributed to the formation of small cytoplasmic pre-acrosomal vesicles which 
coalesced into an acrosomal chamber (AC). In the AC, an acrosome spike emerged from a 
dense anterior acrosomal body. The sperm chromatin became increasingly decondensed 
as spermiogenesis progressed and the nuclear components of fully formed testicular 
spermatozoa only contained thread-like DNA chains and nucleosome-contained chromatin 
filaments. 
 
In the second study, the mechanism of spermatophore formation involving the vas deferens 
(VD) epithelia and secretions was described using histology and TEM. Four types of 
epithelial secretions (S1 – S4) were observed contributing to three layers of the 
spermatophore. The primary layer (S1 and S2), secondary layer (S3), and outer layer (S4) 
were derived from the epithelial secretions of the proximal vas deferens (PVD) and the 
sperm lumen of the mid vas deferens (MVD), the accessory lumen of MVD, and the posterior 
MVD and the terminal ampulla (TA), respectively. Unique VD epithelial folds appeared to be 
important in the organization of spermatophore layers. Most spermatozoa did not have a 
fully developed anterior spike or subacrosomal region when in PVD, whereas both structures 
were fully formed by the time the spermatozoa reached MVD and TA.  
 
Given the sexual act in penaeoid prawns is virtually impossible to observe directly, the 
mechanism of spermatophore transfer was investigated in the third study by means of 3D 
modelling of the external genitalia of male and female prawns using a combination of micro-
computed tomography and scanning electron microscopy. These models were then used to 
create a virtual simulation of the interactive movement of the external genitalia associated 
with spermatophore delivery. As proposed, the spermatophores are ejaculated into the 
ventromedial groove of the petasma and “squeezed” by abdominal flexure into the 
spermathecae of female’s thelycum; during this process, the “spike-like” setae on the 
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petasma and appendices masculinae were assumed to control the transferring direction of 
the spermatophores.  
 
In the fourth study, serial block-face scanning electron microscopy was applied for an 
ultrastructural 3D assessment of a P. monodon spermatophoral spermatozoon. Results 
showed there were two levels of packaging density in the sperm nuclear region, which 
contained not only numerous filamentous chromatin elements with dense micro-regions, but 
also large centrally gathered granular masses. Degenerated mitochondria and membrane-
less dense granules were found in the spermatozoal cytoplasm. A large electron-lucent 
vesicle and “arch-like” structures were apparent in the subacrosomal region, and an 
acrosomal core was found in the acrosomal chamber (AC). The spermatozoal spike arose 
from the inner membrane of AC, which was slightly bulbous in the middle region, but then 
extended distally into a broad dense plate and to a sharp point proximally.  
 
The fifth study described the validation and application of the sperm chromatin dispersion 
test (SCDt) to assess sperm DNA fragmentation in P. monodon. After selecting an 
appropriate lysing solution, prawn sperm nuclear morphotypes were confirmed using the 
two-tail comet assay. Baseline levels of sperm DNA fragmentation (SDF) were determined 
in domesticated and wild male broodstock, and the susceptibility of the nucleus to 
mechanical stress (vortex shearing forces) was investigated in an attempt to artificially 
induce sperm DNA damage. Results revealed that (1) the percentages of SDF indicated by 
the SCDt were strongly correlated with those identified using the two-tailed comet assay, (2) 
mechanical stress (vortexing) did not increase the level of sperm SDF and (3) domesticated 
male broodstock had a higher SDF level than that of the wild counterpart. 
 
In the sixth study, the integrity of plasma membrane (Viab%), acrosome (AR%), and DNA 
(SDF%) was compared for the spermatozoa from the early (BC), middle (D01), and late 
(D23) moult stages, preserved in three prawn sperm extenders, including artificial lobster 
haemolymph (AH), calcium free saline (CS), and filtered seawater (FS), and between two 
storage conditions, either as a free sperm suspension or retained intact within the whole 
spermatophore, after periods of chilled storage (0 – 26 days). Results showed that (1) the 
lowest level of AR% was shown for BC spermatozoa in CS and the highest levels were 
found in BC, D01 and D23 spermatozoa in FS and D23 spermatozoa in AH; (2) the calcium 
ionophore A23187 agent could increase the mean AR% by 6.22%; (3) the Viab% was 
significantly lower in CS than in FS; (4) the SDF% of BC and D01 spermatozoa increased 
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over time, while the SDF% of D23 spermatozoa was initially elevated and did not change; 
and (5) there was no difference in sperm quality between the two storage conditions. 
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Chapter 1: General introduction and literature review  
 
Penaeus monodon is a typical penaeid prawn that has considerable commercial value in 
the global seafood market (FAO, 2014). While the trawling fisheries have been the primary 
harvesting method of penaeid prawns, increasing market demand and dwindling wild stocks 
of this species have propagated the implementation of a prawn aquaculture industry. 
Despite prawn farming being operative for several decades, the closed reproductive cycle 
of P. monodon has not been fully achieved in captive environments and most hatcheries still 
require wild stock to produce larvae (Arnold et al., 2013). One of the reasons leading to the 
lack of captive breeding success in this species is the unpredictable nature of male 
broodstock fertility, so that there is a current imperative to better understand the basic 
biology of male reproduction with respect to sperm production, packaging and delivery.  
 
In order to maintain a viable prawn aquaculture industry, there is a requirement to ensure 
the fertility of broodstock with respect to both wild-caught and captive males; this 
necessitates an assessment of sperm quality. Like male gametes of many other 
crustaceans, the spermatozoon of P. monodon is atypical in being immotile, having an 
anterior spike, containing no mitochondria and possessing highly de-condensed chromatin 
(Jamieson and Tudge, 2000). These unusual characteristics of penaeid spermatozoa 
present the aquaculturist with a technical challenge in which conventional sperm 
assessments typically developed for mammalian spermatozoa are not entirely applicable. 
In addition, other sperm parameters, such as spermatophore size, sperm concentration, and 
sperm morphology, have been shown to be poorly correlated with fertilizing ability (Coman 
et al., 2016).  
 
Consequently, a secondary focus of this thesis was to explore and develop procedures that 
allow the reliable assessment of the penaeid acrosome, plasma membrane integrity and 
chromatin stability. While an “egg water test” (egg water - seawater containing the active 
materials from spawned eggs) has been used previously in prawn species to provide some 
indication of the acrosome integrity, the procedure is imprecise and logistically difficult to 
implement as a standard andrological assessment (Alfaro et al., 2003). The assessment of 
DNA fragmentation (SDF) in the sperm population is becoming an increasingly recognized 
index of sperm quality in a wide range of vertebrates (Sakkas and Alvarez, 2010), but there 
is limited evidence of its use in invertebrates, including crustaceans. An important objective 
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of the studies in this thesis will be the determination of SDF in the prawn by means of the 
sperm chromatin dispersion test (SCDt). 
 
1.1 The taxonomy of Penaeus monodon  
 
Penaeid prawns (or shrimps) refer to animals belonging to the family Penaeidae (order 
Decapoda, suborder Dendrobranchiata, superfamily Penaeoidea), which includes 221 
extant and 65 fossil species (Sammy De Grave et al., 2009). In the morphology-based 
classification of genus Penaeus sensu lato by Pérez Farfante and Kensley (1997), Penaeus 
monodon is one of the three extant species in the subgenus Penaeus sensu stricto, together 
with Penaeus semiculatus and Penaeus esculentus. However, this paraphyletic grouping 
method has been questioned since its original introduction as the new genetic and molecular 
evidence has revealed that the Penaeus s.l. species should be considered as monophyletic 
(Ma et al., 2011). Consequently, Ma et al. (2011) suggested it is more appropriate to use 
“Penaeus” for all the species in the genus Penaeus s.l. rather than dividing it into six 
subgenera – Marsupenaeus, Farfantepenaeus, Litopenaeus, Penaeus s.s., 
Fenneropenaeus, and Melicertus. This thesis will adopt the Pérez Farfante and Kensley 
(1997) nomenclature scheme because the study focuses primarily on the perspective of 
reproductive morphology.   
 
1.2 General morphological features of Penaeus monodon  
 
The common name of P. monodon, as black, grass or giant tiger prawn (or shrimp), comes 
from the pattern of stripes on the body resembling that on the tiger’s body, and the name 
“black tiger prawn” will be used in this thesis. The body colour is normally yellowish green 
with black and white stripes, but it can change to dark red, brown or black depending the 
surrounding environment or physiological conditions. Adult P. monodon can be 
distinguished from other penaeid prawns by the following morphological features (Figure 
1.1): (1) a rostral teeth formula (number of dorsal rostral teeth/ number of ventral rostral 
teeth) of 6 - 8/ 2 - 4; (2) a carapace carina that reaches to the edge of carapace and an 
adrostral carina that reaches to the epigastric spine; (3) a gastro-orbital carina that occupies 
1/3 - 1/2 distance between the post-orbital margin and the hepatic spine; (4) an anterior half 
of hepatic carina that is horizontal with an antennular flagellum that is slightly longer than its 
peduncle; (5) fifth pereiopods with no exopods; (6) an abdomen carinated dorsally from the 
anterior 1/3 of the fourth somite to the sixth somite; (7) fourth and fifth somite each of which 
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possess a small lateral cicatrix and the sixth has three lateral cicatrices; and (8) a telson that 
is unarmed (Holthuis, 1949; Motoh, 1985).  
 
 
Figure 1.1: Identifiable features of P. monodon, modified from the study of Motoh (1985).  
 
1.3 The life cycle of Penaeus monodon  
 
P. monodon is nocturnal, hiding in the substrate by day and emerging for food or mating at 
night. The life cycle of P. monodon is speculated to be 1.5 - 2 years and can be divided into 
six stages; (1) embryo (approx. 12 hours), (2) larva (approx. 20 days), (3) juvenile (approx. 
15 days), (4) adolescent (approx. 4 months), (5) subadult (approx. 4 months) and (6) adult 
(approx. 10 months) (Figure 1.2). In each stage of its life cycle, the growth and 
metamorphosis are completed via several moults. The larvae, including 6 nauplius, 3 
protozoea, 3 mysis, and 3 or 4 megalopa substages, are planktonic in the outer littoral 
region. Juveniles [postlarvae (PL)] start to behave like adults which crawl using their 
pereiopods and swim using their pleopods; the gender of juveniles can be distinguished 
after about 30 days at this stage (PL30). The juveniles and adolescents become benthic and 
inhabit the brackish water of estuaries, lagoons and mangroves. The subadults migrate from 
estuaries to the inner-littoral regions (7 - 20 m deep water) and the adults finally reside in 
the rocky or muddy bottoms of the deeper outer-littoral water (20 - 50 m deep). P. monodon 
can withstand a wide range of salinity, from 2 to 30 ppt, and their adaptive water temperature 
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is 16 - 33 °C. The native habitats of P. monodon are the coastal waters of South Africa, the 
Arabian peninsula, South and South-East Asia and northern Australia (Motoh, 1985).  
 
 
Figure 1.2: The life cycle, habitat and living mode of P. monodon, summarized from the study of Motoh (1981) 
& Motoh (1985). The outer, middle and inner concentric circles represent the life cycle, habitat, and mode-of-
life.  
 
1.4 The reproductive biology of Penaeus monodon  
 
Generally, adult females of P. monodon are larger than the males. The sexes can be 
recognized via the external genital organs. The female has a plate-like thelycum between 
the 4th and 5th pereiopods and the male has a petasma modified by the endopods of the 1st 
pleopods and a pair of appendix masculina on the endopods of the 2nd pleopods. The genital 
openings are situated on the coxae of the 3rd pereiopods in the female and on the coxae of 
5th pereiopods in the male (Motoh, 1985). Based on behavioural observations of the prawn 
in captivity, a successful mating requires four steps (Figure 1.3): (A) chasing (or 
approaching) where a female swims up and down and several males chase after her; (B) 
parallel swimming (or probing) whereby the successful male swims immediately below the 
female and keeps his carapace up against the ventral side of the female; (C) ventral-to-
ventral attachment (or embracing) in which the male turns upside down and aligns his 
thoraco-abdominal junction with the posterior thorax of female; and (D) copulation (or 
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flexing) where the male turns perpendicularly to arch the body around the female in a “U” 
shape position and then flicks both his head and tail simultaneously in a quick three-time 
succession to ejaculate the spermatophores (Primavera, 1979).  
 
 
Figure 1.3: The copulation of P. monodon, modified from the study of Primavera (1985). A: Chasing (or 
approaching); B: parallel swimming (or probing); C: ventral-to-ventral attachment (or embracing); D: copulation 
(or flexing).  
 
1.5 Prawn aquaculture 
 
1.5.1 The status of prawn aquaculture  
 
Prawn aquaculture is one of the largest single commodities in value terms in the international 
food fish market (including finfishes, crustaceans, mollusks, and cephalopods). In 2012, 
cultured prawns constituted 9.7 percent (6.4 million tonnes) of food fish aquaculture 
production by volume but 22.4 percent (US$30.9 billion) by value, most of which come from 
two penaeid species – Litopenaeus vannamei (3.3 million tonnes in 2013) and P. monodon 
(0.8 million tonnes 2013) (FAO, 2014). Prawn aquaculture has become the major supplier 
of prawn products in the world. In 2009-2010, the production of farmed prawns exceeded 
capture production and accounted for over 50 percent of the total global prawn production 
(FAO, 2012). Recently, the global annual growth rate of prawn production was estimated to 
be about 7% due to the fast-growing prawn farming industries of China, South and 
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Southeast Asia, which are currently responsible for approximately 80 percent of the market 
and consumption (Valderrama and L. Anderson, 2011).  
 
Prawn aquaculture is both promising and yet controversial. Aquaculture has been so far the 
only way to maintain the per capita prawn consumption for the expanding world’s human 
population and economy as fishery production is restrained by the limited productivity of 
ecosystems and effectiveness of their management (Merino et al., 2012). Prawn farming is 
strongly regulated in Australia but when not well managed overseas (Norman-Lόpez et al., 
2016), the activities of prawn farming has put existing fishery stocks in danger with respect 
to the destruction of natural habitat by building farms in the mangrove estuaries or 
unsustainable trawling for wild broodstock, contamination from waste disposal and invasions 
of exotic competitors and pathogens, and the depletion of other fish resources to produce 
commercial prawn feed (Naylor et al., 2000).  
 
Challenging issues associated with prawn aquaculture include the diagnosis and prevention 
of disease, production costs, seed stock quality & availability, access to disease-free 
broodstock and product quality control (Gillett, 2008). Modern prawn farming, especially 
intensive farming with high stocking rates and obligate feeding and aeration, relies heavily 
on hatcheries to supply sufficient quality larvae for “grow-out” production. In the regions 
where the wild stock is still available, the local hatcheries prefer catching offshore wild 
broodstock directly combined with artificial maturation procedures in captivity for larval 
production. However, introducing wild prawns into the aquacultural enclosure without strict 
screening and quarantine regulation is “risky”, as wild animals have more chance of carrying 
infectious endemic pathogens. Pathogenic viruses such as white spot syndrome virus, 
yellow head virus and taura syndrome virus were credited as accounting for about a 40% 
loss of world prawn production in mid 1990s (Kulten et al., 2009). Alternatively, broodstock 
domestication has progressed in recent decades to enable closed, biosecure larval 
production. 
 
1.5.2 The breeding issues for domesticated prawn broodstock  
 
A closed reproductive cycle associated with selective breeding programmes would 
theoretically provide virus-free and high-quality seedstock for the sustainable development 
of the global aquacultural industries. In reality, the most challenging issue for the penaeid 
domestication is that female reproductive maturation initiates slowly and rarely complete 
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vitellogenesis in the captive environment (Parnes et al., 2007). Captive males, on the other 
hand, tend to show damaged spermatophores, lower sperm concentration, a higher level of 
sperm abnormality and a higher incidence of male reproductive diseases (Alfaro-Montoya, 
2010; Browdy and Samocha, 1985; Primavera and Quinitio, 2000). These authors also 
mention that male reproductive problems are not universal and mostly depend on the rearing 
conditions. Additionally, naturally mating success in captive animals is generally poor and 
male fertility varies so substantially that hatcheries have to keep an expensive large 
“backup” male cohort in reserve to ensure a viable fertilization rate. Although artificial 
insemination (AI) can guarantee an acceptable rate of mating success, most prawn farm (P. 
monodon) operators are still unwilling to use AI given the extra labour and high husbandry 
requirements of the procedure (Coman et al., 2016).  
 
Eyestalk ablation (EA) has proved to be the most practical endocrine manipulation for 
improvement of reproductive performance of domesticated broodstock thus far and it has 
been used for the artificial induction of reproductive maturation in prawn aquaculture for 
nearly 50 years (Adiyodi and Adiyodi, 1970). In P. monodon, eyestalk ablated females were 
more inclined to rapid ovarian maturation (from vitellogenesis stage I to IV) within seven 
days, while most unablated animals did not progress past stage I or II during the same period 
(Uawisetwathana et al., 2011). For males, EA has been shown to enhance gonadal weight, 
improve the gonado-somatic index, spermatophore weight and to boost overall sperm 
production (Leung-Trujillo and Lawrence, 1985). Despite the fact that EA can improve sperm 
production, it can also cause high mortality of animals, increase energetic requirements, 
shorten the moulting period and reduce growth rate and thereby potentially jeopardize 
mating success (Browdy and Samocha, 1985; Muthu and Laxminarayana, 1982). For 
example, Vázquez-Islas et al. (2013) have revealed that initially produced spermatophores 
of ablated males contained the highest level of ATP & AMP energy charge (AEC) but that 
AEC significantly declined as spermatophores continued to be produced; in contrast the 
spermatophore AEC of unablated males remained relatively constant.  
 
1.6 The male reproductive system in penaeid prawns  
 
Remarkably, male penaeid reproduction has received only limited attention, primarily 
because reproductive output has typically been considered to be more a consequence of 
the female broodstock (Coman et al., 2005). Nevertheless, understanding male reproductive 
biology is crucial in regard to achieving the complete reproduction cycle in domesticated 
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broodstock and for male broodstock selection in artificial breeding programs. Studying the 
anatomy of male reproductive system is the first step to understanding whole animal 
reproductive function. The male reproductive system can be divided into the internal 
reproductive gonad and tract, and the external genitalia. While the internal reproductive 
organs produce spermatozoa and package them into spermatophores, external genitalia are 
associated with sperm transfer during copulation.  
 
1.6.1 Internal reproductive organs of male penaeid prawns  
 
The basic structure of the penaeid male internal reproductive system within the posterior 
region of the cephalothoracic cavity includes the testis, vasa deferentia and terminal 
ampullae (Figure 1.4).  
 
1.6.1.1 Testis  
 
The mature testis is an unpigmented, translucent, symmetrical organ located dorsally to the 
anterior hepatopancreas and ventrally to the posterior heart extending from the 
hepatopancreas to the midgut. Unlike the ovaries in the female, the testis never expands 
into the abdominal cavity. From the juvenile stages to sexual maturity, the testis changes 
little in appearance but does grow in size and become more opaque in colour (Felgenhauer, 
1992). The penaeid prawn has an independent multiple-testicular-lobe system, in which the 
testis has multiple testicular lobules surrounded by connective tissues and haemolymphatic 
sinuses. There are normally 6 - 8 pairs of testicular lobules but the number of testicular 
lobules varies among penaeid species. Each testicular lobule is filled with a highly 
convoluted seminiferous tubule where spermatogenesis takes place. The mature 
seminiferous tubule contains two regions, a germinal zone and the lumen. While the 
germinal zone is composed of nurse cells (sustentacular cells), spermatogonia, 
spermatocytes and spermatids, the lumen contains spermatozoa (Chow, Dougherty, and 
Sandifer, 1991; King, 1948; Ro et al., 1990). 
 
1.6.1.2 Vas deferens  
 
The vas deferens originates from the posterior periphery of the testicular central trunk and 
opens at the gonopores, located medially on the coxae of the fifth pereiopods; the greater 
portion of vas deferens runs beneath the testis. The structure of vas deferens is modified 
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along its length to deliver sperm, produce sperm-supportive components and store sperm 
temporarily. With regard to the structure and function, the vas deferens of a penaeid prawn 
can be divided into four regions: (1) the proximal vas deferens (PVD), (2) the medial vas 
deferens (MVD), (3) the distal vas deferens (DVD) and (4) the terminal ampulla (TA) 
(Felgenhauer, 1992).  
 
Figure 1.4: Internal reproductive organs of male penaeid prawn, modified from Chow, Dougherty, and Sandifer 
(1991) and Motoh (1981). TL - testicular lobules (I – VIII); BP - blind porch; APV - anterior proximal vas deferens; 
PPV - posterior proximal vas deferens; CT - collecting tubule; HM - hyaline material; AMV - anterior medial vas 
deferens; PMV - posterior medial vas deferens; DVD - distal vas deferens; TA - terminal ampulla; ApC – the 
spermatophore appendage chamber in TA.  
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The anterior region of PVD is a narrow conduit lying along the base of the testicular lobes 
and extending as an inverted “U” opening posteriorly. Collecting tubes (CT), paralleled by 
blood vessels, connect the testicular lobes to the anterior PVD. The inner wall of anterior 
PVD consists of low columnar epithelia with irregularly shaped, medially or basally located 
nuclei and several columnar endoplasmic reticula; the outer layer of which is covered by 
myoid cells and collagen-rich connective tissue. The PVD functions not only as a sperm-
delivering tube but also in the initiation of spermatophore packaging (Chow, Dougherty, and 
Sandifer, 1991; Ro et al., 1990). The posterior PVD is wider in diameter and covered by 
thickened columnar epithelial cells possessing larger nuclei and a brush border. A double 
layered epithelial wall forms a longitudinal septum separating the PVD into two independent 
lumina (Díaz et al., 2002). The sperm-lumen is the larger and contains the sperm mass with 
acellular material, while the hyalin-lumen contains the mucous acellular material secreted 
by the epithelial cells. The blind porch (BP) is the “elbow” shaped portion of the PVD, which 
is the transition area from the PVD to MVD; the BP secretes a sperm-supporting matrix with 
respect to the consolidation, orientation and storage of sperm (Ro et al., 1990; Zara et al., 
2012).  
 
The MVD is a pair of meandering tubules that can be distinguished into ascending and 
descending segments with a curve in between. The lumen of the MVD is also separated into 
two channels by the double-layered septum but the two lumina appear to merge and the 
contents from each lumen commence to mix together in the descending segment. The 
epithelial layer likewise has columnar cells with elongated nuclei and brush borderlines, 
surrounded by thick muscle fibres and connective tissue. Hyalin, a glassy and mucus 
material, is found along the entire length of the MVD (Chow, Dougherty, and Sandifer, 1991; 
Díaz et al., 2002). Malek and Bawab (1974a) surmised that hyalin is a chitinous matrix 
conjugated to form a “sheath” in which the spermatozoa are enclosed, in a similar manner 
to that of how exoskeleton forms in the arthropod.  
 
The DVD are a pair of relatively long narrow tubes surrounded by thickened muscular layers 
descending along the wall of the body cavity extending to the enlarged TA; each DVD is 
enveloped by a thicker and flatter epithelial layer and an outer muscle layer. The thick 
epithelial cells appear to be engaged in some form of apocrine secretion. The secretion 
becomes more fluid, granular and less basophilic than that of the MVD. At the anterior DVD, 
the two lumina partially converge but the sperm and acellular material do not combine 
completely. The DVD transports the underdeveloped spermatophore from the MVD to the 
 11 
TA. As spermatozoa are rarely detected in this region, it has been suggested that the 
regulation of sperm transport is precisely controlled (Chow, Dougherty, and Sandifer, 1991; 
Ro et al., 1990). The posterior region of the DVD is called the ejaculatory duct (ED) and it 
has the thickest layer of muscle tissues peripherally. It has been reported that this structure 
undergoes spontaneous contractions in vitro when immersed in crustacean physiological 
solution (Ro et al., 1990).  
 
1.6.1.3 Terminal ampulla   
 
The TA is the paired pod-like structure located ventrally near the base of the fifth pereiopods, 
which contain the capsule-like spermatophores filled with mature sperm. The inner thick 
columnar, glandular epithelial cells with elongated nuclei underlie a continuous layer of 
connective tissue and longitudinal and circular muscle fibres. Spermatozoa are embedded 
with gelatinous matrix in discrete chambers and are located primarily at the periphery of 
spermatophore distally against the “appendage” and the outer cuticle. The spermatophore 
appendage (Ap) is a mucous, sperm-free substance constituting the remainder of 
spermatophore. On contact with seawater, the Ap of ejaculated spermatophore unfurls and 
turns into a mucus cloud in a few minutes. Furthermore, spermatophores on mated females 
always sit in the thelyca with the Ap up against the openings of female gonopores at the 
coxae of the third pereiopods. Based on observations of spermatophores electro-ejaculated 
from the TA and in situ on females, the Ap has been speculated to be associated with the 
attachment to the female thelycum during copulation (Arsenault et al., 1979; Bauer and Min, 
1993; Castelo-Branco et al., 2014; Díaz et al., 2002; Malek and Bawab, 1974b; Ro et al., 
1990; Tuma, 1967).  
 
1.6.2 External genitalia of male penaeid prawns  
 
The external genitalia of male penaeid prawn include the petasma and the appendices 
masculina (Figure 1.5 A & B). The structures of external sex organs in penaeoid (the 
superfamily Penaeoidea including the family Penaeidae) prawns are so diverse that they 
have been regarded as critical phylogenetic characters for the level of genus classification 
(Bauer, 1991). Due to the species-specified structures among penaeoid prawns, Bauer 
(1991) suggested that despite the fact that the basic function of petasma and appendix 
masculina is to assist insemination, the working mechanisms of these structures can be 
 12 
varied, such as spermatophore delivery or injection, securing mating position, or as the 
criteria features for mate selection in courtship.  
 
In P. monodon, the petasma is the structure formed by the coupling of the endopods on the 
first pair of pleopods. The two halves of petasma are united at the median line by the 
interlocking of numerous minute hooks (Figure 1.5 C). Each petasma component is 
composed of a thinner, membranous median lobe and a stiff, thicker, and calcified lateral 
lobe with an inwardly curved hook-like tip. The appendix masculina of P. monodon refers to 
the endopods of the second pair of pleopods. It is oval or pear-shaped and covered by a 
large number of spines (Figure 1.5 D).  
 
Figure 1.5: External genitalia in male P. monodon, modified from Motoh (1981). A: ventral view of the external 
reproductive appendages; B: lateral view of the external reproductive appendages; C: ventral view of petasma, 
bar = 0.2 mm; D: ventral view of an appendix masculina, bar = 1 mm. AM - appendix masculina; GP - genital 
papilla; Per - pereiopod; Pet - petasma; Ple - pleopod.  
 
Based on the morphological structure of external genitalia and the observed mating 
behaviour in P. monodon, Motoh (1981) surmised that the spermatophore transfer 
mechanism is associated with the cooperation of petasma and appendix masculina. In the 
hypothesis of Motoh (1981), the interlocking hooks at the median line of petasma are 
“unzipped” by the spines lining around the appendix masculina in the bending position of a 
mating male. Shortly after the “unzipping” of the petasma, the inwardly curved hook-like 
structure of separated petasma component can puncture into the slit of the gonopore to 
open the terminal ampulla up and discharge the spermatophore. Subsequently, the petasma 
acts as a lever to insert in the narrow grove between the thelycum plates and expose the 
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thelycum. Finally, the male turns his body perpendicularly, bends and flips rapidly to 
squeeze the spermatophores into the opened thelycum. The interaction between the 
external reproductive organs during the mating is concealed and very brief to observe 
directly in P. monodon or any other penaeid prawns even when cinematography is 
employed; consequently, Motoh (1981) suggested that this speculated copulatory 
mechanism needed to be confirmed in future investigations.  
 
1.7 Spermatogenesis in penaeid prawns 
 
Spermatogenesis is the process in which haploid spermatozoa are produced. There are two 
recognizable stages of spermatogenesis: (1) spermatocytogenesis and meiosis which 
spans the production of diploid spermatogonia to the haploid spermatids and (2) 
spermiogenesis in which the round spermatid is transformed into the spermatozoon. The 
category of cellular development in penaeid spermatogenesis includes two types of 
spermatogonia, primary spermatogonium (PSg) and secondary spermatogonium (SSg), five 
types of primary spermatocytes (PSc) (leptotene, zygotene, pachytene, diplotene, and 
diakinesis), secondary spermatocytes (SSc), three types of spermatids (St-I, St-II, and St-
III) and spermatozoa (Sz). Spermatogenesis in penaeid prawns is a continuous and 
independent process, which is not related to the moult cycle (Garza-Torres et al., 2011; 
Heitzmann et al., 1993). Most studies on decapod crustaceans focus on spermiogenesis as 
it is the most representative process for each individual species; these studies have included 
the following species Crangon septemspinosa (Arsenault et al., 1979), Parapenaeus 
longirostris (Medina, 1994), Palaemonetes paludosus (Koehler, 1979), Sicyonia ingentis 
(Shigekawa and Clark, 1986), Macrobrachium rosenbergii (Poljaroen et al., 2010), 
Fenneropenaeus chinensis (Ge et al., 2011) and Litopenaeus vannamei (Alfaro-Montoya et 
al., 2017). There has been no specific study on the complete spermatogenesis of P. 
monodon.  
 
1.7.1 Spermatocytogenesis  
 
1.7.1.1 Spermatogonia (Sg)  
 
The spermatocytogenesis has been described in the Pacific whiteleg prawn Litopenaeus 
vannamei (Alfaro-Montoya et al., 2017) by transmission electron microscopy and in the giant 
freshwater shrimp Macrobrachium rosenbergii (Poljaroen et al., 2010) by light and 
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transmission electron microscopies. Macroscopically, Sg are oval shaped and are usually 
located in the germinal zones at the periphery of seminiferous tubule and surrounded by 
nurse cells (Ns). Sg possess large, centrally located nuclei containing mostly granular 
euchromatin and one or two nucleoli and multiple mitochondria (Mi) in the cytoplasm (Figure 
1.6 A & B). There are two types of Sg as described in the crab: primary spermatogonia (PSg) 
and secondary spermatogonia (SSg). PSg are large cells possessing nuclei with granular 
chromatin, while SSg are observed following the onset of differentiation, the cell size of 
which is similar to PSg but having more diffuse chromatin (Castilho et al., 2008).  
 
1.7.1.2 Primary Spermatocytes (PSc) 
 
PSc are developing germ cells in the prophase of meiosis I. It is a relatively long and 
complicated stage in which the homologous chromosomes are paired for genetic 
recombination and then segregation. In the cytoplasm, the conspicuous organelles are the 
circular smooth endoplasmic reticulum (SER) and clusters of mitochondria (Mi). According 
to the appearance of chromatin fibres, PSc are categorized into six phases: leptotene (LSc), 
zygotene (ZSc), pachytene (PSc), diplotene (DSc), and diakinesis (DiSc). The LSc occurs 
only momentarily and most of the chromatin is euchromatin (Figure 1.6 A & C). The 
distinguishing feature of ZSc is evidence of the synaptonemal complex (SC). The chromatin 
fibres from condensing heterochromatin blocks are attached to each lateral element of the 
SC (Figure 1.6 A & D). Spermatocytes in PSc stage are the largest in the prophase of 
meiosis I. They are characterized by the presence of long interconnected and increasingly 
larger blocks or cords of heterochromatin, some of which are attached to the inner nuclear 
envelope (Figure 1.6 E & F). The chromatin blocks become larger and continue to attach to 
the nuclear envelope in the DSc stage. Chromosomes of DSc spermatocytes are configured 
in a cartwheel pattern (Figure 1.6 G & H). In the DiSc stage the chromosomes are fully 
formed, appear elongated and larger (Figure 1.6 I & J); simultaneously, the nuclear envelope 
starts to disappear (Arsenault et al., 1979; Poljaroen et al., 2010; Zara et al., 2012).  
 
1.7.1.3 Secondary Spermatocytes (SSc)  
 
The first meiotic division of a PSc results in two secondary spermatocytes (SSc). As the 
genetic materials are divided into half, the volume of cytoplasm and nuclei of SSc are both 
reduced. Furthermore, the chromatin of SSc exhibits highly condensed, cord-like structures 
that are aggregated together. Then, the nucleus of each SSc divides via meiosis II but the 
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cytoplasmic division is incomplete, creating a syncytium that contains two nuclei. The 
duration of this stage is so short that it is hardly observed in histological preparations 
(Castilho et al., 2007; Poljaroen et al., 2010; Zara et al., 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6 (next page): Spermatocytogenesis in Macrobrachium rosenbergii, light microscopic (LM) and 
transmission electron microscopic (TEM) images are reorganized from the study of Poljaroen et al. (2010). (A) 
A LM image covers spermatogonium (Sg), leptotene spermatocyte (LSc) and zygotene spermatocyte (ZSc); 
(B - D) TEM images of Sg, LSc, and ZSc; (E & F) LM and TEM images of pachytene spermatocyte (PSc); (G 
& H) LM and TEM images of diplotene spermatocyte (DSc); (I & J) LM and TEM images of diakinesis 
spermatocyte (DiSc). Note: Mi - mitochondria; Nu - nucleus; Ns - nurse cell; G - Golgi complex; Sy - 
synaptonemal complex; Ri – ribosome; Ch - chromosome. 
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1.7.2 Spermiogenesis  
 
1.7.2.1 Spermatids (St) 
 
The clustered spermatids (St) are derived from the syncytia of divided SSc (Figure 1.7). 
Three stages of spermatids (St-I, St-II, and St-III) are classified by the level of chromatin 
condensation as described in the caridean shrimp M. rosenbergii and C. septemspinosa 
(Arsenault et al., 1979; Poljaroen et al., 2010). From this point of spermatogenesis, the 
cellular transformation varies greatly between different prawn species resulting in the 
characteristic species-specific sperm morphology. Although no studies have described 
spermiogenesis for P. monodon, the information provided from aforementioned two species 
will provide a basic outline of the process.  
 
The nucleus of St-I contains a dense chromatin mass and a less dense, fine granular zone. 
The chromatin of St-I is condensed into interconnecting thick cords and evenly distributed 
throughout the nuclear region. The syncytium at this stage has numerous Golgi complexes 
(Gg) and mitochondria (Mi) (Figure 1.7 Stage I). The St-II shows chromatin that starts to de-
condense on one side of the nucleus. The nuclei of spermatids are randomly scattered in 
the syncytia with increasing size. The electron density of the chromatin decreases within 
each spermatid and so do the numbers of Gg and whorls of smooth endoplasmic reticulum 
(SER). Sequentially, the spermatid nuclei become organized into clusters around central 
cores of the syncytial cytoplasm. As the chromatin is gathered to the central core, it becomes 
more granular and spreads out to the periphery. In the cytoplasm, the cristae of Mi disappear 
and the entire body of Mi swells and vacuolates. The incipient acrosome or pro-acrosome 
of St-II is composed of an extensive membranous reticulum and an associated electron-
dense material. Progressively, its base expands outward over the spermatid nucleus and its 
apex projects into the central core. This is the point where the acrosome of the sperm 
differentiates (Figure 1.7 Stage II). A pair of centrioles can be observed beside the 
developing acrosome at this stage (Arsenault et al., 1979; Poljaroen et al., 2010). The St-III 
is the most advanced spermatogenic cell stage observed in the testis (Chow, Dougherty, 
and Sandifer, 1991). In this stage, the chromatin organization and sperm morphology 
change remarkably into the characteristic morphology according to its taxonomy. 
Nonetheless, the consistent and most interesting feature of St-III in most crustaceans is that 
the chromatin commences to decondense into fine fibers and organize as a flocculent matrix 
(Figure 1.7 Stage III) (Medina, 1994).  
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Figure 1.7: The three stages of spermiogenesis in Crangon septemspinosa (Arsenault et al., 1979). Note: C - 
the core of syncytial cytoplasm; S - syncytium; NS - nurse cell.  
 
1.7.2.2 Spermatozoon (Sz)  
 
The ultrastructure of the mature Sz has been investigated in many penaeid species including 
Farfantepenaeus paulensis (A. L. Braga et al., 2013), Pandalopsis japonica (Kim et al., 
2003), Litopenaeus vannamei (Alfaro et al., 2007; Aungsuchawan et al., 2011), Litopenaeus 
occidentalis, and Litopenaeus stylirotris (Alfaro et al., 2007), Penaeus monodon 
(Pongtippatee et al., 2007), Marsupenaeus japonicus and Melicertus kerathurus (Medina et 
al., 1994) (Figure 1.8). Similar to most dendrobranchiata species, the spermatozoa (Sz) of 
penaeid prawns are unistellate and immotile due to the lack of a flagellum. Microscopically, 
three component parts of a spermatozoon are detectable; (1) a highly decondensed nucleus, 
(2) a hemispherical acrosomal cap and (3) a spike extended from the cap (Figure 1.8 E). 
The nuclear region is scattered with numerous dense nodules, where the loose chromatin 
fibres converge and a filamentous network forms. The cap of Sz normally has three layers; 
(1) a high-density outer layer, (2) a low-density inner layer and (3) a subacrosomal layer. 
The spike is the extension of the outer layer. The low-density inner layer of the Sz cap is the 
intermediate region. The subacrosomal layer, or alternatively called the filamentous 
meshwork, is the region closest to the nucleus and has the lowest electron density in a Sz. 
In addition, there are several organelle derivatives between the nuclear membrane and 
cytoplasmic membrane, such as small vesicles with a dense core and paralleled membrane 
lamellae (Medina et al., 1994). Alfaro et al. (2007) called this region the hemispherical rim 
of cytoplasmic particles. Medina (1994) noted the similarities and diversity in the 
ultrastructure of spermatozoa between crustaceans are often used as evidence in 
phylogenetic studies.  
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Figure 1.8: Spermatozoon ultrastructure in several prawn or shrimp species (Poljaroen et al., 2010) 
 
1.8 Spermatophore formation  
 
When mature spermatozoa travel from the testis to the terminal ampulla (TA), they are 
packaged into a structure known as a spermatophore in preparation for sperm delivery via 
copulation. As the spermatophore develops in the terminal ampulla, the cuticular membrane 
of TA bulges and elongates into a sac-like structure. The mature spermatophore sits in the 
sac with its main body (MB) pointing dorsally and the spermatophore appendage (Ap) 
pointing ventrally (Tuma, 1967). Spermatophore formation includes three stages in the 
penaeid prawns; (e.g. Melicertus kerathurus) (1) the formation of MB layers, (2) the 
formation of Ap layers and (3) the establishment of connections between MB and the Ap 
(Malek and Bawab, 1974a). The primary layers of the MB and Ap (layer I of MB and Ap) are 
formed by the secretion of glands in both the epithelial wall and the septum of the 
spermatophore. The secondary layer of Ap (layer II of Ap) then assembles from products of 
the Ap glands, which distribute among the epithelial cells; by comparison, the secondary 
layer of MB (layer II of MB) is shaped after the formation of primary layer and it is thinner 
(Figure 1.9 A). Gradually, one end of the septum detaches from the wall of spermatophore 
and a new connecting layer (layer III of MB and Ap) appears between the chambers of MB 
and Ap (Figure 1.9 B). Heitzmann et al. (1993) noted that the spermatophore was usually 
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present in the terminal ampulla at the late post-moult stage and no spermatophores were 
observed prior to moulting, which means that spermatophore formation is possibly 
associated with the moult cycle of the animal. 
 
 
Figure 1.9: (A) The cross section of the proximal terminal ampulla demonstrates the stage I and II of 
spermatophore formation and (B) the cross section of the distal terminal ampulla demonstrates the stage III of 
spermatophore formation in Melicertus. kerathurus (Malek and Bawab, 1974a). Note: MB - main body of 
spermatophore; Ap - appendage of spermatophore.  
 
The anatomy of the spermatophore varies greatly between different prawn species (Bauer, 
1991). In L. setiferus, S. vioscai and F. aztecus, the spermatophore exhibits a high level of 
complexity - the glandular epithelia produce multiple folds and septa around the sperm 
mass; the mucous material of the appendage or “wing” is secreted at the anterior part of 
spermatophore closely against the gonophores and the whole spermatophore is surrounded 
by the muscle layer of the terminal ampulla (Figure 1.10 A, C and D). By comparison, the 
spermatophoral structures of T. similis and S. brevirostris are much simpler (Figure 1.10 B 
& E). There is no current description of spermatophoral structure and/or function for P. 
monodon. 
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Figure 1.10: The diversity of spermatophoral structure in penaeid prawns (Bauer, 1991). (A) Litopenaeus 
setiferus; (B) Trachypenaeus similis; (C) Farfantepenaeus aztecus; (D) Solenocera vioscai; (E) Sicyonia 
brevirostris. Note: Ap - appendage of spermatophore; C - cuticle; TA - terminal ampulla; G - gland; GE - 
glandular epithelium; Gp - gonopore; M - muscle; SM - sperm mass; SP - sperm packet; VD - vas deferens; W 
– wing structure of spermatophore. Bar is 2 mm.  
 
1.9 Sperm quality assessment for penaeid prawns 
 
It is important to screen the fertility of male broodstock before moving them into hatchery 
maturation systems, as a high proportion of infertile male broodstock will reduce efficiency 
and raise operating costs. Sperm quality is a direct indicator of male fertility. In theory, sperm 
quality of penaeid prawns can be assessed using measures of normal morphology, cell 
membrane integrity, acrosome integrity and DNA integrity. The assessment for 
mitochondrial function is simply not relevant for penaeid spermatozoa as they are immotile 
and lack functional mitochondria (Pongtippatee et al., 2007). In routine practice, the indices 
of sperm assessment in prawns include sperm morphology, sperm concentration (sperm 
count) and the percentage of sperm with normal morphology (Arnold et al., 2012). There are 
four checkpoints for assessing the sperm quality of prawns and these include (1) sperm 
synthesis in the testis; (2) sperm delivery in the vas deferens; (3) sperm storage in the 
spermatophore and (4) further sperm maturation in female thelycum (Alfaro-Montoya, 2010). 
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In reality, it is not easy to evaluate the status of sperm in the testis or vas deferens without 
sacrificing the animals and the process of histological and ultrastructural studies is relatively 
time-consuming. Moreover, most hatcheries feel reluctant to assess sperm that are already 
delivered to the females as the spermatophore-bearing females are “too precious” to be 
manipulated given the low successful mating rate in captive conditions. As a result, sperm 
quality in the ejaculated spermatophore is normally the primary focus of examination for 
broodstock screening. To date, however, highly accurate, reliable, and practical 
measurements for male fertility are still not available for use in the hatchery (Coman et al., 
2016); therefore, more studies are needed to develop reliable assessments of prawn sperm 
quality.  
 
Many factors can affect the sperm quality in penaeid prawns. For example, Alfaro-Montoya 
(2010) found that sperm quality (evaluated in terms of sperm count and sperm 
abnormalities) of older males (12 months) was better than that of younger animals, while 
wild males tend to have better reproductive performance than domestic counterparts in 
regard to the susceptibility to male reproductive diseases, which always lead to the necrosis 
of spermatozoa. Rearing conditions have also been reported to have an effect on the fertility 
of male prawns, e.g. the acute pH stress (Wang et al., 2009), industrial pollution (Yang et 
al., 2008), changing temperature (Perez-Velazquez et al., 2001), feed nutrition (Perez-
Velazquez et al., 2003) and substrate (Jiang et al., 2009).  
 
1.9.1 Spermatophore evaluation  
 
Spermatophore evaluation is currently the most practical and routine measurement of male 
fertility in penaeid prawns. There are two commonly used methods for expelling 
spermatophores from prawns which include electro-ejaculation and manual ejaculation. 
Manual ejaculation is conducted by gently squeezing the lateral carapace close to the base 
of fifth walking legs so as to force the spermatophore out of the gonopore. However, manual 
ejaculation is potentially traumatic to the prawn and may result in mortality if the operation 
is not conducted appropriately; in comparison, electro-ejaculation appears to be less harmful 
and more efficient (Sandifer et al., 1984). Based on the successful applications of electro-
ejaculation in M. rosebergii, S. ingentis, L. stylirostris and L. vannamei (Harris and Sandifer, 
1986; Sandifer et al., 1984), if the spermatophores are healthy and mature, they have a 
better chance to be recovered when 4-6 V AC electrical stimulation is applied near the 
gonopores at the base of fifth pereiopods for 1-2 second duration. Harris and Sandifer (1986) 
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have stated that the timing and frequency of artificial ejaculation should be strictly controlled 
to reduce the incidence of post-ejaculation pathologies, such as coxal ulcerations, muscle 
necrosis, and/or melanization of the reproductive tract.  
 
Spermatophore quality can be evaluated in terms of spermatophore weight, the 
spermatophoral-somatic index (SSI) and spermatophore morphology. Spermatophore 
weight has been suggested as an index of sperm concentration but this relationship is 
controversial. Ceballos-Vazquez et al. (2003) revealed that spermatophore weight of L. 
vannamei was positively correlated to the sperm count and the percentage of normal sperm. 
To the contrary, Alfaro (1993) found that the weight of the spermatophore was not related 
to sperm concentration in the same species. Spermatophoral-somatic index (SSI) or 
gonado-somatic index (GSI) are indicators of energetic transference between somatic 
growth and reproduction of prawns (Arnold et al., 2013); it is measured as the ratio of 
spermatophore or gonad weight to the body weight. Carbonell et al. (2008) revealed that the 
GSI was highest and the body condition index (the ratio of weight excluding gonad to whole 
body weight), and lowest during the breeding season in a red shrimp (Aristeus antennatus) 
population; furthermore, this study also indicated that the body condition of male population 
prior to the breeding season was positively related to the recruitment of fishery capture in 
the following year.  
 
Spermatophore morphology is normally assessed by its shape and colour. Mature and 
healthy spermatophores look plump, glossy and “whitish”. The change of spermatophore 
colour is associated with the sperm packaging in each moulting cycle (Heitzmann et al., 
1993). For L. vannamei, in the first four days after moulting, newly formed spermatophores 
are semi-transparent; then they gradually become “pearly” coloured and do not turn white 
until 10th to 12th day postmoult. Along with these colour changes, the spermatophores 
progressively swell in the terminal ampullas. Spermatophore melanization is a widely 
reported male reproductive pathology in penaeid prawns. The most obvious symptom of this 
pathology is the darkened colour of spermatophores from brown to black (Dougherty and 
Dougherty, 1989). Initiated by bacterial infection, the melanin (the black pigment) assembles 
not only on the surface of spermatophore but also in the cytoplasm and nucleus of the 
spermatozoa. The “black” colour or melanin can progressively proliferate proximally into the 
vas deferens and also ascend into the testis, causing the male prawns to become infertile 
and eventually resulting in mortality (Alfaro et al., 1993).  
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1.9.2 Sperm concentration and morphology assessment 
 
Sperm concentration or total number of sperm in a spermatophore can be measured via a 
standard procedure of hemocytometry, using sperm sample released through artificial 
rupture (by tissue grinder or vortex machine) of ejaculated spermatophores (Arnold et al., 
2013). In fact, the techniques for preparing sperm sample can affect the result of 
assessments in terms of sperm concentration and morphology (Wang et al., 1995). If the 
sperm releasing process is too gentle or of a too short duration, the sperm concentration will 
be lower than the actual value, whereas too vigorous release may result in damaged or 
abnormal sperm morphology. Sperm concentration or sperm number is correlated with a 
male’s sperm producing ability and has been regarded as a routine parameter of human 
male fertility for decades (Perreault, 2009). The quantitative characteristics of semen in 
externally fertilizing animals such as prawns is thought to be even more important due to 
the rapid semen dilution in the water, even though those animals have evolved to adapt 
various strategies to minimize this diluting effect (Yund, 2000).  
 
Sperm morphology is typically a reflection of normal spermiogenesis and post-testicular 
maturation. Sperm morphology is commonly evaluated following the sperm concentration 
test. The normal morphological characteristics of penaeid sperm include a straight spike 
extended from oval main body of the spermatozoon under light phase contrast microscope, 
while bended or missing spikes and/or irregular main body shape are regarded as abnormal 
morphologies or occur as a result of acrosome reaction. In fact, the acrosome reaction can 
lead to remarkable changes of sperm morphology in penaeid prawns (Pongtippatee et al., 
2007). When spermatozoa are released into the seawater, a very small amount of these 
cells may undergo acrosome reaction. However, the presence of egg water, has the ability 
to drastically increase the acrosome reaction rate. This is in fact the basis of the “egg water 
essay” which has been used to facilitate dynamic assessment of sperm morphology.  
 
1.9.3 Sperm membrane integrity tests 
 
Sperm membrane integrity is usually evaluated by dye exclusion assays also known as 
viability assays. They utilize the simple principle that live cells with intact cell membranes 
exclude certain membrane impermeable biostains, whereas the dead cells are stained due 
to their broken cell plasma membrane. Trypan blue (TB) has been used to determine the 
cell membrane integrity in the sperm of L. vannamei (Wang et al., 1995); dead sperm stain 
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a blue/purple colour under the light microscope. Moreover, propidium iodide (PI) has also 
been used as a sperm membrane integrity test for L. vannamei (Lezcano et al., 2004). PI is 
impermeable to the cell membrane, therefore PI only binds to nucleic acids of broken sperm 
and emits red fluorescence when excited. The biochemical features of PI make it an ideal 
choice for the multiple-staining technique. A popular counterstain combination with PI is the 
use of SYBR-14, a membrane permeable nuclei-acid stain which fluoresces green (Garner 
and Johnson, 1995); this combination of molecular probes has been extensively used across 
a range of vertebrate spermatozoa.  
 
Although these biostains are able to distinguish between live and dead sperm cells, they 
tend to overestimate the percentage of viable sperm (Coman et al., 2016). With respect to 
TP staining, many sperm with abnormal morphology remained unstained due to intact sperm 
membranes, thus defined as “live”. In fact, most of these “live” sperm had already lost their 
fertilizing potential according to their structural incompleteness. By comparison, the results 
of PI staining seem to be well correlated with the conclusion from the sperm morphological 
assessment (Coman et al., 2016). Irrespective of the efficacy of the staining procedure, 
Coman et al. (2016) found that neither biostain exclusion technique or sperm morphology 
assessment was able to predict the fertilizing ability of sperm.  
 
1.9.4 Acrosome integrity tests 
 
The acrosome integrity of prawn sperm can be assessed by means of a completed 
acrosome reaction (AR). As penaeid spermatozoa are immotile (Pongtippatee et al., 2007), 
the AR is regarded as the only detectable activity which indicates the sperm are still 
biologically functional. In penaeid prawns, the AR has been described as the eversion of the 
cell, turning the acrosome “inside out” with subsequent injection of the nucleus into the 
spawned egg (Felgenhauer, 1992). Once AR starts, the depolymerization of anterior spike 
and acrosomal exocytosis take place immediately. In Sicyonia ingentis,  the formation of 
acrosomal filament, which may facilitate the sperm binding to plasma membrane of the egg, 
was observed following the spike depolymerization (Griffin and Clark, 1990); nonetheless it 
was never seen in the AR of  P. monodon (Pongtippatee et al., 2007).  
 
The AR of P. monodon consists of three stages as described by Pongtippatee et al. (2007) 
and Kruevaisayawan et al. (2008). In stage I, once the active components (+) of the egg 
bind to the sperm surface, the hydrolytic enzymes (dots in Figure 2.15. Stage I) will be 
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released out of the outer acrosomal membrane (OAM) and the plasma membrane (PM) of 
the spermatozoon (Figure 1.11 Stage I). In stage II, the anterior spike (AS) commences to 
depolymerize. The spike initially curves, shortens and then finally disappears from the main 
body; meanwhile, the acrosome-containing cap swells remarkably and the contents inside 
become flocculent (Figure 1.11 Stage II). Finally, in stage III, the acrosome ruptures: the 
outer layer of acrosome membrane bursts and the flocculent materials are released 
simultaneously. Subsequently, the subacrosomal (SAc) region starts to polymerize and 
condense into a “spherical knob” that lies cranial to the sperm nucleus (Figure 1.11 Stage 
III).  
 
 
Figure 1.11: The acrosome reaction (AR) of P. monodon (Kruevaisayawan et al., 2008). Note: Ac - acrosome; 
AS - anterior spike; EW - egg water; N - nucleus; OAM - outer acrosomal membrane; PM - plasma membrane; 
SAc - subacrosomal region.  
 
The AR test was first described by Griffin et al. (1987) in the penaeoid prawn, S. ingentis. It 
involves the use of a working solution called “egg water” (EW) which is the seawater 
containing active materials released from spawned eggs. Since then AR test has been 
modified and widely applied in many crustaceans to evaluate the sperm quality (Alfaro-
Montoya, 2010). To prepare EW, a spawning female is first transferred into a 1-L container. 
After removing the spent female, the eggs are left to settle and then the suspension is drawn 
off for the centrifugation. The protein concentration of purified EW needs to be tested prior 
to separating into 1 mL aliquots and stored in liquid nitrogen for later use (Alfaro et al., 2003; 
Griffin and Clark, 1990).  
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After being incubated in EW for the appropriate time and then chemically fixed, the sperm 
sample is ready for the assessment. The result of AR test is normally demonstrated as the 
percentage of spermatozoa in each morphological category. The morphology of AR-
undergoing sperm in P. monodon can be categorized into nine types (Figure 1.12): normal 
sperm with intact spike (S1A), unreacted sperm with no spike (S1B), acrosome-reacted 
sperm with curled or shortened spike (S2A, B, and C), reacted sperm with swollen cap or 
no spike (S2D and E), reacted sperm with ruptured acrosome (S3A), and reacted sperm 
with spherical mass (S3B) (Arnold et al., 2013; Kruevaisayawan et al., 2008; Pongtippatee 
et al., 2007).  
 
 
Figure 1.12: The morphological category of acrosome reacted sperm in P. monodon (Arnold et al., 2013; 
Kruevaisayawan et al., 2008; Pongtippatee et al., 2007). Note: S1A - a normal sperm with intact spike; S1B - 
an unreacted sperm with no spike; S2A, B, and C - acrosome-reacted sperm with curled or shortened spike; 
S2D and E - acrosome-reacted sperm with swollen cap or no spike; S3A - reacted sperm with ruptured 
acrosome; S3B - acrosome-reacted sperm with spherical “knob”. 
 
In spite of the fact that the AR test has been proved effective in detecting relative acrosome 
integrity of prawn sperm (Alfaro-Montoya, 2010; Arnold et al., 2013), the logistical difficulty 
associated with collection and storage, unstable quality and the lack of repeatability of the 
test, greatly restrict its utility as a routine sperm quality assessment. The isolation and 
artificial synthesis of effective components that trigger AR has recently been the focus of 
relevant research activity but has not yet been successful (Kruevaisayawan et al., 2008; 
Kruevaisayawan et al., 2007; Ngernsoungnern et al., 2012; Pongtippatee-Taweepreda et 
al., 2004). According to ultrastructural observations of in vitro fertilization in P. monodon, it 
is thought that the active components of the AR inducer are likely to be released during egg 
activation (Pongtippatee-Taweepreda et al., 2004). Two types of materials, either 
individually or in combination have been postulated as functional AR inducers; one is the 
component derived from the disintegrated cortical rods (CR), which are released from ovum 
surface at the very beginning of egg activation (Pongtippatee-Taweepreda et al., 2004) and 
the other is the component from vitelline envelope which forms after the release of CR 
(Ngernsoungnern et al., 2012).  
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Ngernsoungnern et al. (2012) revealed that vitelline envelope protein of P. monodon has no 
direct effect on inducing acrosome reaction but can bind to the anterior spike of a 
spermatozoon. Kruevaisayawan et al. (2007) has shown that water soluble glycoproteins 
derived from CRs were most likely to be the AR inducer in P. monodon given their 
corresponding ability for initiating AR. The effective glycoprotein of CR in P. monodon 
contains a major proportion of mannose and minor proportion of GlcNAc, sialic acid and 
fucose residues, some of which are additionally sulfated. It was speculated that the mannose 
residues might play a pivotal role in the initiation of AR (Kruevaisayawan et al., 2008). In 
addition, it was discovered that the activity of sperm-borne trypsin-like enzymes are 
associated with the induction of AR rather than the trypsin-like enzymes in egg water for P. 
monodon (Kruevaisayawan et al., 2008). In summary, vitelline envelope proteins merely 
facilitate the approach of sperm to the egg surface and the trypsin-like enzymes in the 
sperm, which are activated by the glycoproteins of egg CR, appear responsible for the 
initiation of the AR. To synthesize AR-inducing components, further studies are required in 
order to analyze the chemical characteristics of glycoproteins derived from the CR of the 
oocytes.  
 
1.9.5 Sperm DNA integrity tests 
 
The integrity of the sperm genome can determine the success of in vivo or in vitro 
fertilization, embryogenesis and the incidence of genetic disorder in offspring (Benchaib et 
al., 2003; Zini et al., 2001). Sperm DNA fragmentation (SDF) may lead to failed pregnancy, 
despite the other sperm-quality-related parameters appearing normal (Carrell et al., 2003). 
There are several potential causes associated with SDF, such as the apoptosis during 
spermatogenesis (Gandini et al., 2000), malfunction in chromatin packaging and 
modification (Marcon and Boissonneault, 2004), the activation of sperm caspase family of 
enzymes, and other apoptosis markers (Weng et al., 2002), reactive-oxygen-species-related 
DNA injury (Lopes et al., 1998), radiation-induced negative impact (Avendano et al., 2012; 
De Iuliis et al., 2009), and damage from environmental genotoxicants (Rubes et al., 2005; 
Sepaniak et al., 2006).  
 
To date, SDF assays have become the new research trend for the assessment of sperm 
quality as they can reveal potential damage of sperm that conventional assays fail to 
uncover. Most of the SDF assays were initially developed for humans and then the 
application extended to other animals. Some commonly used SDF assays are defined and 
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listed in Table 1.1. The principle of SDF assay is to visualize DNA fragmentation in the sperm 
sample and then convert the qualified and quantified results into a predictive value of fertility. 
The results of the SDF assay needs to be interpreted in respect to the type of DNA damage, 
percentage of sperm with DNA damage, extent of DNA damage in each individual sperm, 
and the damaging sites on DNA molecule (Sakkas and Alvarez, 2010). Each SDF assay 
has its advantages and also drawbacks in application. For example, assays using flow 
cytometry like TUNEL Assay, ISNT Assay and SCSA are more statistically accurate and 
repeatable given the larger sample population but the running costs and utility of these 
procedures are prohibitive for most laboratories; in comparison, there is a range of more 
cost effective assays that evaluate SDF at the individual cell level such as comet assay, 
SCDt, AOT, and AAB. More importantly, the SDF assay needs to be tailored and validated 
to effectively access the damaged DNA for each tested species due to the phylogenetically 
diversified composition and configuration of sperm chromatin (Johnston et al., 2007).  
 
The application of SDF assays in penaeid prawns is limited. Consequently, there is currently 
no sufficient data to determine the value of SDF as an indicator or predictor of penaeid 
sperm. Due to the unique chromatin (nuclear proteins) composition and organization of 
penaeid sperm, current methods of SDF analysis will require modification before the test is 
applicable. In crustaceans, the majority of structural proteins are histones with no protamine 
yet detected in the sperm nuclear basic proteins (SNBPs); this phenomenon has been 
confirmed in P. serratus (Sellos and le Gal, 1981), M. rosenbergii (Poljaroen et al., 2010), 
Maja brachydactyla (Kurtz et al., 2009) and Cancer pagurus (Kurtz et al., 2008). While the 
composition and biochemistry of penaeid sperm chromatin has not been studied in detail, 
there are “clues” that have been revealed from electrophoresis studies of sperm chromatin 
in crabs Maja brachydactyla (Kurtz et al., 2009) and Cancer pagurus (Kurtz et al., 2008). 
The SNBPs of crabs comprise five major histone families (H1, H2A, H2B, H3 and H4) and 
a special sub-family Hsp; all crab sperm histones demonstrate a high level of acetylation. In 
addition, the ratio of DNA interacting proteins to DNA is much lower than the ratio in 
vertebrate sperm; these observations may explain the decondensed and filamentous nature 
of mature prawn sperm chromatin and be valuable information for development of an SDF 
assay.   
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Table 1.1: A summary of SDF assays.  
SDF Assays Method Description Measurement 
Sperm Chromatin Dispersion 
(SCD) Test (Fernandez et al., 
2003) 
SCD Test analyzes the pattern of DNA dispersion for 
fresh or preserved sperm sample fixed in the 
agarose gel layer following the removal of nuclear 
protein to allow unwinding of the DNA molecule in 
alkaline conditions. 
 
FM 
LM 
Terminal deoxynucleotidyl 
transferase dUTP Nick End 
Labeling  (TUNEL) Assay 
(Sharma et al., 2010) 
TUNEL Assay detects the signal of labeled dUTPs 
which combine with the single- and double-stranded 
DNA breaks in the reaction catalyzed by terminal 
deoxynucleotidyl transferase (TdT). 
 
FC 
FM 
LM 
Single Cell Gel Electrophoresis 
(Comet Assay) (Simon et al., 
2011) 
Comet Assay evaluates the length and fluorescent 
intensity of “comet tail” (the migration of DNA 
strands) extended from each spermatozoon that is 
lysed, electrophoresed and stained in the microgel. 
 
FM 
Breakage Detection-
Fluorescence In Situ 
Hybridization (DBD-FISH) (J. L. 
Fernández et al., 2000) 
DBD-FISH Assay detects single-stranded DNA 
breaks in either the whole genome or specific 
sequence regions following the procedures of 
microgel embedding, alkaline unwinding, and FISH. 
 
FM 
Sperm Chromatin Structure 
Assay (SCSA) (Evenson et al., 
1999) 
SCSA uses FC to detect the signals from the 
metachromatic acridine orange, which turns green 
when combing with double-stranded DNA and turns 
red when combing with single-stranded DNA breaks, 
after the sperm DNA unwinding in acidic condition. 
 
FC 
In Situ Nick Translation (ISNT) 
Assay (Manicardi et al., 1998) 
ISNT Assay quantifies the labeled dUTP combined 
with single-stranded DNA breaks in the reaction 
catalyzed by DNA polymerase I (a template-
dependent enzyme). 
 
FM 
FC 
Chromomycin A3 (CMA3) Test 
(Bianchi et al., 1996) 
CMA3 Test assesses sperm DNA integrity via the 
quantity of sperm-DNA-attaching CMA3, a guanine-
cytosine specific fluorochrome which competes with 
the protamines for binding to the minor groove of 
DNA. 
 
FM 
Acidic Aniline Blue (AAB) Test 
(Foresta et al., 1992) 
AAB can selectively stain lysine residues of 
persisting histones in sperm chromatin, so the DNA 
packaging can be assessed by detecting the amount 
of attached AAB. 
 
FM 
Acridine Orange (AO) Test 
(Tejada et al., 1984) 
The attachment of AO to double-stranded DNA and 
single-stranded DNA or RNA can be distinguished by 
the colour of fluorescence on the standard sperm 
smear slide. 
FM 
Note: FC - flow cytometry; FM - fluorescent microscopy; LM - light microscopy. 
 
1.9.6 Fertilization rate  
 
Fertilization rate or hatching rate is the ultimate endpoint of sperm quality assessment as it 
is the natural sperm-selecting process. To measure the fertilization rate of penaeid prawn, 
gravid females are normally chosen for the artificial insemination to overcome the 
unpredictability of natural mating behaviour. After spawning, the percentage of hatched eggs 
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is calculated. The reason why in vitro fertilization (IVF), by collecting gametes separately 
and mixing them together in the extender, is hard to achieve for penaeid prawns is because 
on one hand the eggs become impenetrable very soon on contact with the seawater and on 
the other, the spermatozoa are immotile and cannot approach eggs voluntarily. Misamore 
and Browdy (1997) created an IVF device for the interspecific and intraspecific 
crossbreeding of penaeid prawns (Figure 1.13). The device could deliver the flow of sperm 
suspension to the gonopores of harnessed spawning female continuously, mimicking the 
natural fertilization process and thus ensuing the mixture of gametes instantly and 
thoroughly. However, the fertilization rate achieved by this device was too low for the 
practical application. 
 
 
Figure 1.13: In vitro fertilization device for penaeid prawns (Misamore and Browdy, 1997). The aquarium 
contained about 57 L filtered (5 µm) seawater and 10 ppm EDTA. The sperm delivering apparatus included a 
submerged plastic, a 1-cm diameter funnel attached to a 4-mm tube which extended upward to a 1-L Imhoff 
cone suspended over the aquarium. A spawning female prawn was transferred into the aquarium and 
harnessed over the fertilization funnel.  
 
It should be remembered that there are also a range of female factors that influence 
fertilization success such as oocyte quality, the timing of spawning and sexual maturity. 
Arnold et al. (2012) developed a method to avoid the female effect. In their research, each 
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spermatophore from two different males was artificially inseminated into the thelycum of the 
same female. The paternal contribution, which indicates the sperm fertilizing capability, was 
later confirmed by analyzing the proportion of shared genotype between embryos and male 
donors. As each male has two spermatophores whose sperm qualities are comparable 
(Arnold et al., 2012; Ceballos-Vázquez et al., 2004), it is feasible to use one spermatophore 
for sperm quality assessments and then use the other spermatophore to test fertilization 
rate.  The fertilization test of Arnold et al. (2012) revealed that (1) male fertility varied greatly 
between individuals and (2) sperm quality was a more important reflection of male fertility 
rather than sperm quantity. While the fertilization test is clearly the most robust test of 
penaeid sperm quality, the procedure is also time consuming, expensive and logistically 
difficult to conduct, so that further studies are required to establish the correlation between 
sperm quality assessments and fertilization rate. 
 
1.10 Conclusion  
 
The black tiger prawn P. monodon is one of the most popular and productive penaeid 
species in global aquaculture; yet the low mating success rate amongst captive male 
penaeid prawns has hindered the closure of reproductive cycle during prawn domestication 
and thus the sustainable development of prawn aquaculture industry. To understand and fix 
potential reproductive issues of captive male prawns, preliminary researches should be 
focused on updating knowledge of fundamental male reproductive biology and searching 
reliable assessments for sperm quality and male fertility. Relevant studies on the caridean 
and other penaeoid prawns have provided valuable comparable information in the 
spermatogenesis, extra-testicular sperm maturation, and spermatophore formation of P. 
monodon; however, species-specific characteristics must be noted and emphasized in 
future investigations. The function of external genitalia associated with prawn mating 
behaviour is also worth exploring as it holds the key to the mechanism of spermatophore 
transfer. In regard to the sperm assessing methods, even though the egg water assay is so 
far the most effective method reflecting the fertilizing ability of sperm, it is not appropriate as 
a routine assessment measure due to its acquisition and uncertain quality. Sperm DNA 
fragmentation (SDF) assays specifically developed for the prawn can potentially provide 
further insight as an index of sperm quality as the genetic integrity of sperm is related not 
only to the success of fertilization but also the development of the embryo. Even so, the 
development of a prawn SDF assay will need to be considered along with other sperm 
quality assessments associated with sperm acrosome and plasma membrane. Eventually, 
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studies on male reproductive biology and potential sperm assessments for P. monodon will 
benefit the artificial reproductive strategies for future breeding programmes and provide 
insights for the development of the aquaculture industry of this species.  
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Chapter 2: New insights into the spermatogenesis of the black tiger 
prawn, Penaeus monodon 
 
2.1 Abstract  
 
This study reports a comprehensive description of penaeid spermatogenesis (P. monodon) 
by light and transmission electron microscopy. A conspicuous characteristic of 
spermatocytogenesis was a ring-like structure with high electron-density adjacent to the 
nucleus of a primary spermatocyte. During the spermiogenesis from stage I (StI) to stage VI 
spermatid (StVI), the formation of the acrosome and decondensation of the nucleus were 
the most notable morphological transformations. StIs were small and compact and they were 
contained in the syncytia. In the cytoplasm of StII, mitochondrion-like bodies (MLB) 
participated the extension of perinuclear multi-layered lamellae. The association of MLBs 
and endoplasmic reticula appeared to contribute to the formation of small cytoplasmic pre-
acrosomal vesicles (PV) which coalesced into an acrosomal chamber (AC) at the periphery 
of StIII. A dense anterior acrosomal body (AB) was formed in the enlarged AC in StIV. The 
nuclear envelope became disintegrated in StV. At last, an AB-derived spiky acrosome was 
emerged from AC in StVI. Sperm nuclei became increasingly decondensed during the entire 
process of spermiogenesis and the nuclear components in the testicular spermatozoa 
appeared to only contain chains of DNA and nucleosome-contained chromatin.   
 
2.2 Introduction  
 
Male reproductive performance of captive penaeid prawns is considered one of the major 
obstacles for the development of the prawn aquaculture industry and should therefore be 
given greater attention (Alfaro-Montoya, 2010). However, the current knowledge on male 
reproductive biology of penaeid species was either insufficient or out of date.  Bell (1988) 
has previously described the gross histology of spermatogenesis for penaeid prawn 
Litopenaeus stylirostris in his book, and other studies of spermatogenesis have only been 
conducted in a few penaeid prawns such as Litopenaeus schmitti (Fransozo et al., 2016), 
Fenneropenaeus chinesis (Kang et al., 2008), Parapenaeus longirostris (Medina, 1994) and 
Litopenaeus vannamei (Alfaro-Montoya et al., 2017). Although Hong et al. (1998) and Chong 
et al. (2015) have previously observed spermatogenesis of Penaeus monodon, the results 
of those studies were too brief and vague. A thorough understanding of sperm and 
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spermatophore production is fundamental for the assessments and improvements in the 
reproductive performance of the male domesticated black tiger prawn, P. monodon and 
other penaeid prawns. This study described the spermatogenesis of P. monodon in a more 
comprehensive way and it also discovered some new characteristics.  
 
2.3 Materials and Methods 
 
2.3.1 Sample preparation  
 
Ten sexually mature male P. monodon showing no melanization in the gonopores were 
euthanized in an ice water slurry for 10 min (Thompson et al., 2010) and their reproductive 
organs were dissected out. The left side of the reproductive organ was fixed in Davidson’s 
solution (1 L contains 220 mL 37-40% formaldehyde, 330 mL 95-100% ethanol, 115 mL 
glacial acetic acid, 335 mL distilled water, pH 3.5-4.0) for 24 h at room temperature and then 
transferred to a 70% ethanol solution (Chong et al., 2015) for histological study, whereas 
the right side was preserved in the crustacean reproductive fixative (2% paraformaldehyde, 
2.5% glutaraldehyde in 0.1 M sodium cacodylate with 5% sucrose, pH 7.6) at 4 °C for 24 h 
(Ro et al., 1990) for transmission electron microscopic study.  
 
2.3.2 Histology  
 
A Microm HM340E (ThermoFisher Scientific, Scoresby, Australia) microtome with a Feather 
S35 (Osaka, Japan) disposable microtome blade was used to cut the paraffin-embedded 
sample blocks into 3-4 µm thick slices. Sections were stained using haematoxylin and eosin 
stain and observed and photographed using an Olympus BX61 light microscope mounted 
with an Olympus DP70 camera.  
 
2.3.3 Transmission electron microscopy (TEM)  
 
A microwave processing system (PELCO BioWave, Ted Pella, Inc.) was used in this study 
and it involved (1) two washes in 0.1 M sodium cacodylate buffer (pH 7.4) at 80 W for 40 
sec followed by (2) post-fixation in 1% osmium tetroxide after two continuous microwave 
programs, each of which comprised of a 2 min heating, a 2 min cooling, and another 2 min 
heating at 80 W, (3) two rinses in UHQ water at 80 W for 40 sec each, (4) dehydration in an 
ethanol series (50%, 70%, 90%, 100% and 100%) at 150 W for 40 sec in each series, (5) 
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infiltration using a series of EPON 812 resin/ethanol solutions (30%, 50%, 70%, 100% and 
100%) at 150 W for 3 min and (6) polymerization at 60 °C for 24 h. Semi-thin (0.8-1.0 µm) 
sections were cut by an ultramicrotome (Leica EM UC6, Leica Microsystems Pty Ltd) and 
stained by 0.5% toluidine blue in 1% sodium tetraborate solution to locate the region of 
interest. Thin sections (50-70 nm) were cut with a diamond knife (DiATOME Ultra 45°, 
DiATOME Pty Ltd) and then attached to the copper grids (200 square mesh, ProSciTech 
Pty Ltd). The air-dried grids were stained by 5% uranyl acetate in 50% ethanol for 2 min, 
rinsed for 1 min and then re-stained using Reynolds’ lead citrate solution for 2 min. The 
stained grids were observed by a transmission electron microscope (80 kV) (JEOL JEM-
1010, JEOL Australasia Pty Ltd) equipped with a 2k×2k wide-angle digital camera (Olympus 
Soft Imaging Solutions – Veleta TEM camera, Olympus Australia Pty Ltd) at the Center for 
Microscopy & Microanalysis, University of Queensland, St Lucia. The size of cells and 
cellular components on microscopic images were measured using the open source software 
Fiji (a version of ImageJ) (Schindelin et al., 2012).  
 
2.4 Results  
 
2.4.1 Spermatogonium (Sg) 
 
Two types of spermatogonia, type A and type B, were identified in the testis of P. monodon. 
Type A spermatogonia (SgA) (the open arrow in Fig. 2.1A) attached to the basal lamina of 
seminiferous tubule and they were interdigitated by the surrounding somatic cells (the solid 
arrow in Fig. 2.1A). The mean (±SD) long axis of SgA was 13.6 ± 1.8 µm and the short axis 
was 10.4 ± 1.4 µm. The nucleus of SgA was oval in appearance with one or two nucleoli 
(the solid arrows in Fig. 2.1B). The majority of the nucleoplasm was filled with euchromatin 
with only a small amount of heterochromatin present. A fusiform structure was located in the 
central region of nucleus (the open arrow in Fig. 2.1B). This structure had a compact 
filamentous core and a more diffuse outer zone composed of numerous fine threads and 
there was a relatively electron-lucent space between this fusiform structure and the 
heterochromatin (Fig. 2.1C). Furthermore, dense granular bodies began to form along the 
outer surface of nuclear envelope and it appeared that multiple small dense particles 
coalesced into larger and denser granular bodies (the open triangles in Fig. 2.1D). In 
addition, mitochondria (Mi in Fig. 2.1D), with sparse vesicular cristae, were found lying 
adjacent to the assembling dense granular bodies.  
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Figure 2.1: Type A spermatogonia (SgA) and type B spermatogonia (SgB) of Penaeus monodon. Panel A: a 
cross section of seminiferous tubule shows the lumen (L) filled with spermatozoa and the germinal region (GR) 
filled with SgA (the open arrow), SgB (the open triangle) and surrounding somatic cells (the solid arrow). Panel 
B: a SgA shows small nucleoli (the solid arrows) and fusiform structure (the open arrow) in its euchromatin-
contained nucleus (N); the dense granular bodies (the open triangles) begin to form outside the nucleus (N). 
Panel C: the fusiform structure in the nucleus of SgA shows a compact filamentous core and a more diffuse 
outer zone composed of numerous fine threads. Panel D: a mitochondrion (Mi) with sparse vesicular cristae 
lies close to the dense granular bodies (the open triangles) outside the nucleus (N) of SgA. Panel E: a 
spermatogonium in the transition from SgA to SgB shows the increase of heterochromatin in the nucleus (N) 
and dense granular bodies outside the nucleus (the open triangles); the solid arrow indicates the changed 
nucleolus. Panel F: a SgB shows heterochromatin and a spherical, fibrillary structure (the open arrow) in the 
nucleus (N) and larger dense granular bodies (the open triangle) outside the nucleus. 
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In the transition from SgA to SgB, there was an increasing number of surrounding dense 
granular bodies tightly attach to the outer layer of the nuclear envelope (the open triangles 
in Fig. 2.1E); meanwhile, the ratio of heterochromatin to euchromatin appeared to increase. 
The morphology of nucleolus also changed (the solid arrow in Fig. 2.1E). SgBs were 
normally observed fulfilling the majority of the germinal region (GE) of the seminiferous 
tubule when the lumen (L) was forming or was about to be formed (the open triangle in Fig. 
2.1A). SgBs were smaller than SgAs, the mean (± SD) of long axis of the SgB was 10.8 ± 
0.8 µm and the short axis was 8.6 ± 1.0 µm. The nucleus of a SgB was mostly filled with 
heterochromatin, some of which was attached to the inner surface of nuclear envelope (Fig. 
2.1F). The dense granular bodies became larger and amorphous and they appeared to 
detach slightly from the juxtaposed nuclear envelope (the open triangle in Fig. 2.1F). 
Furthermore, there was a spherical and fibrillary structure amongst the heterochromatin of 
the nucleus of the SgB (the open arrow in Fig. 2.1F) which appeared to be a more advanced 
stage of the fusiform structure than that observed in the nucleus of the SgA (the open arrow 
in Fig. 2.1B).  
 
When the spermatozoa from the last spermatogenetic cycle had been evacuated from the 
lumen of seminiferous tubule, the resting SgBs would enter into mitotic prophase 
simultaneously (the open triangles in Fig. 2.2A) and mitotic cytokinesis would follow (the 
solid arrow in Fig. 2.2A). Occasionally a few remaining spermatozoa (the open arrows in 
Fig. 2.2A) could still be found in this region surrounded by a large arrangement of SgBs. In 
the nuclei of pre-mitosis SgBs, all chromatin had condensed into chromosomes (the open 
arrow in Fig. 2.2B); the core of the spherical and fibrillary structure became a denser circular 
conformation with a “diffuse” edge (the open triangle in Fig. 2.2B). Furthermore, vesicles 
could be seen between the inner and outer layers of nuclear envelope (the solid arrows in 
Fig. 2.2B). The small granular components near the nucleus of a pre-mitosis SgB continued 
to gather and finally coalesced into the large dense granular body which also divided so that 
each half moved into the newly formed cell during mitotic cytokinesis (the open arrows in 
Fig. 2.2B & 2.2C).  
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Figure 2.2: The mitosis of SgBs in the germinal region of seminiferous tubule. Panel A: SgBs in mitotic 
prophase (the open triangles), a SgB in mitotic cytokinesis (the solid arrow) and the remained spermatozoa 
(the open arrows) in the evacuated lumen of seminiferous tubule. Panel B: a SgB in mitotic prophase shows 
chromosomes (the open arrow) and a spherical and fibrillary structure with a dense circular center (the open 
triangle) in the nucleus (N). Panel C: a SgB in mitotic prophase shows a divided large dense granular body 
(the open arrow) adjacent to the nucleus (N). Panel D: a SgB during mitotic cytokinesis shows the separated 
dense granular body (the open arrow) displaced in a newly formed cell.  
 
2.4.2 Spermatocyte (Sc) 
 
After completion of final mitotic division of SgBs, the male germ cells simultaneously entered 
into the meiotic prophase I as primary spermatocytes (PSc). There were five stages of PScs 
identified in P. monodon – leptotene, zygotene, pachytene, diplotene, and diakinesis. The 
leptotene PSc had slightly basophilic flocculent nuclei (the open arrows in Fig. 2.3A), while 
the nuclei of zygotene PScs were more basophilic and appeared more compact (the open 
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triangles in Fig. 2.3A). The mean (± SD) dimensions of leptotene and zygotene PScs were 
similar, being 11.9 ± 1.2 µm by 8.3 ± 1.0 µm and 11.0 ± 0.8 µm by 8.1 ± 0.7 µm, 
respectively. The nucleus of a leptotene PSc was filled with flocculent chromatin and the 
cytoplasm was full of small vesicles (Fig. 2.3B). The cytoplasm of neighboring PScs were 
interconnected by cytoplasmic bridges (the gap between the two open arrows in Fig. 2.3B). 
The most apparent characteristic of a zygotene PSc was the assembling synaptonemal 
complex in the nucleus (the open arrows in Fig. 2.3C). 
 
Figure 2.3: Leptotene and zygotene primary spermatocytes (PSc) of Penaeus monodon. Panel A: leptotene 
PScs (the open arrows), zygotene PScs (the open triangles) and the eosinophilic ring-like structures (the solid 
arrows) in the germinal region of a seminiferous tubule. Panel B: a leptotene PSc shows flocculent chromatin 
in the nucleus (N) and mitochondrion-like bodies (the open triangles) and the ring-like structure (the solid arrow) 
in the cytoplasm; the open arrows indicate the cytoplasmic bridge between PScs. Panel C: a zygotene PSc 
shows the synaptonemal complexes (the open arrows) in the nucleus (N), and mitochondrion-like bodies (the 
open triangles) in the cytoplasm; the solid arrow indicates the ring-like structure with cavities in different sizes. 
Panel D: the ring-like structure with multiple small cavities (the open arrow) in the central region and the 
mitochondrion-like body (the open triangles) near the nucleus (N).  
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The most remarkable feature of all PScs was the eosinophilic ring-like structure (RLS) that 
was always adjacent to the slightly condensed nucleus (the solid arrows in Fig. 2.3A). The 
RLS possessed many small vacuities internally (the open arrow in Fig. 2.3D) and these 
small holes merged into a large hollow in the central region (the solid arrows in Fig. 2.3B & 
2.3C). The small dense particles composing the RLS were similar to the components of 
dense granular body near the nuclei of SgAs and SgBs (the open triangles in Fig. 2.1B, 
2.1D, 2.1E and 2.1F). Mitochondrion-like bodies (MLB) had also been present in the 
cytoplasm of all PScs, since the beginning of meiotic prophase I (the open triangles in Fig. 
2.3B, 2.3C & 2.3E). These MLBs had a similar size and shape of mitochondria but their 
cristae were highly reduced and the inside of MLBs was filled with electron-dense materials.  
 
The nuclei of pachytene PScs were the most heavily stained in histology among all types of 
PScs during meiotic prophase I (the open arrows in Fig. 2.4A). The mean (± SD) dimension 
of the pachytene PSc was 9.9 ± 0.9 µm by 8.0 ± 0.2 µm. Thick and condensing 
chromosomes were clearly visible on TEM images (the open arrows in Fig. 2.4B). The 
plasma membrane of pachytene PSc also started to become discontinuous (the open 
triangles in Fig. 2.4B). The nucleus of the diplotene PSc contained slightly more stained 
regions in comparison to that of a pachytene PSc (the open arrows in Fig. 2.4C), while the 
nucleus of a diakinesis PSc demonstrated a circular conformation (the open triangles in Fig. 
2.4C). The mean (SD) dimensions of the diplotene and diakinesis PScs were 10.2 ± 0.9 µm 
by 8.2 ± 0.6 µm and 10.7 ± 0.9 µm by 8.6 ± 0.4 µm, respectively. The pairing of homologous 
chromosomes could be seen in the nucleus of a diplotene PSc (the open triangles in Fig. 
2.4D) and the chiasma was detectable (the open arrow in Fig. 2.4D). The chromosomes 
“crossed over” each other and had gathered together into a dense circular conformation in 
the nucleus of the diakinesis PSc (Fig. 2.4E). Moreover, a small “star-like” structure with a 
central hole could be found adjacent to the nucleus of diakinesis PSc (the open arrow in Fig. 
2.4E). Although the location and timing of appearance of this structure might be related to 
the centrosome, no centrioles appeared to be included in it. During periods of diplotene and 
diakinesis, the electron-density of the ring-like structure progressively decreased (the solid 
arrows in Fig. 2.4D & 2.4E). 
 
After the completion of meiotic prophase I, diakinesis PScs entered into the meiotic 
metaphase I synchronously; herein the homologous chromosomes aligned at the middle-
line of a PSc (Fig. 2.4F). The nuclear envelope had completely disintegrated at this stage, 
while the cytoplasm contained a few mitochondrion-like bodies (MLB) (the open arrows in 
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Fig. 2.4F) and a great number of small vesicles (the open triangle in Fig. 2.4F). The ring-like 
structure (RLS) had disappeared since meiotic metaphase I. The difference between the 
spermatocytes in meiotic metaphase I and the spermatogonia in mitotic metaphase was that 
the former developed in a synchronous way, while the later divided independently. 
 
2.4.3 Spermatid (St)  
 
The next observed stage was the stage I spermatid (StI) as secondary spermatocytes could 
not be identified in this study. StIs (the open arrows in Fig. 2.5A and StI in Fig. 2.9) were 
small and compact and they were embedded in syncytia due to the incomplete cytokinesis 
of secondary spermatocytes. The mean (± SD) cross-sectional dimension of the StI had 
reduced by half to 5.5 ± 0.8 µm by 4.5 ± 0.4 µm. The nuclei of StIs were composed of 
compacted chromatin with a high electron-density and the MLBs showed a similar electron 
density as the chromatin (the open arrows in Fig. 2.5B).  
 
Compared to the StI, the nucleus of a stage II spermatid (StII) was slightly decondensed 
and centrally located (the open arrows in Fig. 2.5C and StII in Fig. 2.9). StIIs were a little 
larger in dimension being 7.0 ± 0.4 µm by 6.1 ± 0.5 µm. The nuclear envelope was still 
intact at this stage. An acrosomal chamber (AC in Fig. 2.5D) started to be formed at the 
periphery of a StII, opposite to the nucleus. Some MLB was observed transforming into a 
multi-layered lamella (the open triangle in Fig. 2.5D), while some other MLB remained 
unchanged (the open arrow in Fig. 2.5D).  
 
 
 
 
 
 
Figure 2.4 (next page): Pachytene, diplotene, and diakinesis primary spermatocytes (PSc) of Penaeus 
monodon. Panel A: pachytene PScs (the open arrows) shows the highly stained nuclei in histology. Panel B: 
a pachytene PSc shows thick and condensed chromosomes (the open arrow) and discontinuous plasma 
membrane (the open triangles). Panel C: the histological image shows the diplotene PScs (the open arrows) 
with moderately stained nuclei and the diakinesis PScs (the open triangles) with circularly stained nuclei. Panel 
D: a diplotene PSc shows the pairing of chromosomes (the open triangles) and the chiasma (the open arrow) 
in the nucleus and the perinuclear degenerated ring-like structure (the solid arrow). Panel E: a diakinesis PSc 
shows the overlapping of thick chromosomes in the nucleus and the star-like structure (the open arrow) and 
the degenerated ring-like structure (the solid arrow) outside the nucleus. Panel F: a PSc in the meiotic 
metaphase I shows aligned chromosomes, small vesicles (the open triangle) and the mitochondrion-like bodies 
(the open arrows). 
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Figure 2.5: Stage I and stage II spermatids (StI and StII) of Penaeus monodon. Panel A: StIs with highly stained 
nuclei are included in the syncytia (the open arrows). Panel B: StIs shows the compaction of highly condensed 
nuclei (N) and mitochondrion-like bodies (the open arrows). Panel C: StIIs show moderately stained nuclei in 
a histological image. Panel D: a StII shows a slightly decondensed nucleus (N), the expansion of a perinuclear 
multi-layered lamella (the open triangle), a nearby mitochondrion-like body (the open arrow) and the 
appearance of acrosomal chamber (AC).  
 
A stage III spermatid (StIII) (the open arrows in Fig. 6A and StIII in Fig. 2.9) had a slightly 
stained nucleus and a moderate-sized acrosomal chamber (AC), while a stage IV spermatid 
(StIV) (the open triangles in Fig. 2.6A and StIV in Fig. 2.9) possessed a more heavily stained 
nucleus and the size of the AC was larger. The mean (± SD) dimensions of  StIV was 7.1 ± 
0.6 µm by 5.5 ± 0.4 µm, larger than StIII, which was 6.2 ± 0.5 µm by 5.3 ± 0.4 µm. An oval 
anterior acrosomal body (AB) with moderate electron-density was formed on the lateral 
internal wall of the AC in a StIII (the open arrow in Fig. 2.6B). The cytoplasm of a StIII was 
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filled with numerous small pre-acrosomal vesicles (PV), which were formed in the 
perinuclear cytoplasm between the outer nuclear envelope and parallel endoplasmic reticula 
(the open triangles in Fig. 2.6B). The endoplasmic reticula seemed closely associated with 
MLBs to form small PVs, which were then released to cytoplasm, migrated and fused into 
the AC.  
 
Compared to the StIII, the nucleus of a stage IV spermatid (StIV) was a little less compact 
and the cytoplasm reduced into a thin cytoplasmic band that surrounded the nucleus (the 
open arrow in Fig. 2.6C). In addition, the anterior acrosomal body (AB in Fig. 2.6C & 2.6D) 
had become more spherical and had been relocated from a lateral area to a more central 
and distal area within the AC. A dense plate (the open triangles in Fig. 2.6C & 2.6D) could 
be seen at the junction between the plasma membrane and the AB. The AB appeared to be 
generated by the assemblage of a great number of fine and short filaments scattered in the 
AC (Fig. 2.6D).  
 
The acrosomal chambers (AC) of both StIV and stage V spermatid (StV) were as large as 
their nuclei; nonetheless, the cellular shape of a StV was more spherical (the open arrows 
in Fig. 7A and StV in Fig. 2.9) and the mean (± SD) dimensions of the StV was 8.3 ± 0.9 
µm by 6.1 ± 0.7 µm, which was also more swollen than StIV. Although the membranes of 
syncytia had disappeared by this stage, the inner spermatids were still constrained by the 
thick plasma of syncytia (the open triangle in Fig. 2.7A). The compactness of the chromatin 
did not change significantly in StV, but the anterior acrosomal body (AB) of the StV became 
more electron-dense (the open triangle in Fig. 2.7B). The majority of the highly reduced 
cytoplasm remained in a narrow space surrounded by the nuclear envelope, plasma 
membrane and membrane of the AC (the solid arrow in Fig. 2.7B). The mitochondrion-like 
bodies (MLBs) were still present in the cytoplasm, and neither their density or their structure 
had changed at this stage (the open arrow in Fig. 2.7B).  
 
 
Figure 2.6 (next page): Stage III and IV spermatids (StIII and StIV) of Penaeus monodon. Panel A: StIIIs (the 
open arrows) shows slightly stained nuclei and moderated-sized acrosomal chambers, while StIVs shows 
highly stained nuclei and larger acrosomal chambers. Panel B: StIIIs shows small pre-acrosomal vesicles (the 
open triangles) derived between nuclear envelopes and parallel endoplasmic reticula; an anterior acrosomal 
body (the open arrow) is formed on the lateral internal wall of the acrosomal chamber (AC). Panel C: a StIV 
shows the reduced cytoplasm (the open arrow), more centrally located anterior acrosomal body (AB) in the 
large acrosomal chamber (AC); a dense plate (the open triangle) is at the junction of plasma membrane and 
AB. Panel D: an anterior acrosomal body (AB) is generated by the assemblage of many fine and short filaments 
scattered in the acrosomal chamber (AC); the open triangle indicates the dense plate.   
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As the plasma of the syncytia continued to decrease, the formation of the lumen of the 
seminiferous tubule was essentially complete and the stage VI spermatids (StVI) became 
more liberated inside the lumen (the open arrows in Fig. 2.7C and StVI in Fig. 2.9). The StVI 
was the smallest of the spermatids, with a mean (± SD) long axis of 4.2 ± 0.8 µm and a 
short axis of 3.5 ± 0.6 µm. With light microscopy, only the periphery of nucleus of a StVI 
was stained, whereas the central nucleus was quite translucent (the open arrows in Fig. 
2.7C). The nuclear conformation was further confirmed by TEM that the StVI had an 
enlarged and decondensed nucleus, the center of which was filled with flocculent chromatin, 
while the periphery of nucleus contained scattered relatively dense chromatin filaments (Fig. 
2.7D). The nuclear envelope of the StVI had broken up into pieces (the open triangle in Fig. 
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2.7D). The volume of the acrosomal chamber (AC in Fig. 2.7D) was largely reduced in the 
StVI and was filled with flocculent materials showing moderate electron-density. The anterior 
acrosomal body (AB in Fig. 2.7D) was enlarged and a cavity could be occasionally observed 
in the middle of the dense plate (the open arrow in Fig. 2.7D).  
 
 
Figure 2.7: Stage V and VI spermatids (StV and StVI) of Penaeus monodon. Panel A: StVs are more spherical 
with the acrosomal chambers as large as their nuclei (the open arrow); the open triangle indicates the remained 
plasma of degenerated syncytia. Panel B: a StV shows the denser anterior acrosomal body (the open triangle) 
in the enlarged acrosomal chamber (AC), highly reduced cytoplasm (the solid arrow), and the remained 
mitochondrion-like body (the open arrow) in it. Panel C: StVIs are more liberated and they are only stained at 
the periphery of nuclei (the open arrows). Panel D: a StVI shows a decondensed nucleus (N), the degeneration 
of nuclear envelope (the open triangle), and enlarged anterior acrosomal body (AB) in the acrosomal chamber 
(AC); the open arrow indicates a cavity in the middle of dense plate.  
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2.4.4 Spermatozoon (Sz) 
 
The possession of a protruding spiky acrosome represents the initiation of structural 
transformation from a spermatid to a spermatozoon. The development of a spiky acrosome 
occurred after the StVI. Herein, the sperm cell with a growing or a fully grown spiky acrosome 
will be defined as a spermatozoon (Sz). Typically, Szs only existed in the lumen of the 
seminiferous tubule (L in Fig. 2.8A). There were two varieties of nuclear electron-density for 
the Szs observed in the testis. The majority of Szs had low-density nuclei (the open arrows 
in Fig. 2.8A & 2.8B and Fig. 2.8C). The mean (± SD) size of Szs with low-density nuclei was 
6.0 ± 0.3 µm by 5.3 ± 0.4 µm. The Szs containing high-density nuclei (the open triangles in 
Fig. 2.8A & 2.8B and Fig. 2.8D) accounted for a small proportion of Sz population in the 
lumen. The size of Szs with high-density nuclei were smaller, being 3.9 ± 0.3 µm by 3.2 ± 
0.5 µm.  
 
Most Szs in the testis did not have a fully developed spiky acrosome but a round 
protuberance projected from the anterior acrosomal body (AB) through the dense plate (the 
open arrow in Fig. 2.8C) in the acrosomal chamber (AC); notwithstanding, a small number 
of Szs with an elongated spiky acrosome could also be seen (the solid arrows in Fig. 2.8A 
& 2.8B). Apart from the spiky acrosome, a Sz also possessed a subacrosomal chamber 
(SbAC in Fig. 2.8C), which was the electron-lucent space between the nucleus (N) and the 
acrosomal chamber (AC). 
 
 
 
 
 
 
 
Figure 2.8 (next page): Testicular spermatozoa (Sz) in the lumen of a seminiferous tubule in Penaeus monodon. 
Panel A: a histological image shows spike-less Szs with decondensed nuclei (the open arrows), Szs with spiky 
acrosome and decondensed nuclei (the solid arrows), and spike-less Szs with condensed nuclei (the open 
triangles) in the lumen (L). Panel B: the ultrastructures of three stages of testicular Szs mentioned in Panel A 
are confirmed by a TEM image. Panel C: a testicular Sz shows a protruding acrosome growing from the anterior 
acrosomal body (AB) through the dense plate (the open arrow) in the acrosomal chamber (AC), the formation 
of subacrosomal chamber (SbAC) and highly decondensed nucleus (N).  Panel D: a less common testicular 
Sz shows high electron-density in the nucleus (N). Panel E: a small dense node combined with thin chromatin 
filaments (the open triangle) and thick chromatin filaments (the open arrow) in the nucleus of a testicular Sz. 
Panel F: the circular conformation of chromatin filaments (the solid arrow), small chromatin-combined node 
(the open triangle), and large chromatin-combined node (the open arrow) in the nucleus of a testicular Sz.  
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The nucleus of Sz in the testis was full of chromatin filaments that were similar to those at 
the periphery of nucleus in the StVI. On closer observation, these filaments were 
interconnected at small dense nodes and appeared to be organized into a fibrous network 
(the open triangles in Fig. 2.8E & 2.8F). The means (± SD) of long axis and short axis were 
19.8 ± 3.4 and 14.2 ± 2.9 nm for those nearly round small dense nodes. Occasionally, 
chromatin fibres as thick as 60.9 ± 9.2 nm were observed among the thin filaments in the 
nucleus of Sz (the open arrows in Fig. 2.8E & 2.8F). It appeared that these thick chromatin 
fibres were gradually degenerating into thin chromatin filaments. The thickness of these thin 
filaments ranged from 1.8 to 9.4 nm, and the mean (± SD) was 5.6 ± 2.1 nm. In some cases, 
the thin filaments might be configured as a circular structure rather than a network (the solid 
arrow in Fig. 2.8F).   
 
2.5 Discussion  
 
2.5.1 Spermatocytogenesis  
 
There appear to be two basic types of spermatogonia in P. monodon, type A (SgA) and type 
B (SgB) and the extent of nuclear condensation is a useful way of differentiating these cell 
types – the nucleus of SgA includes a high proportion of euchromatin, while the nucleus of 
SgB displays a high proportion of heterochromatin due to its more differentiated state 
(Chiarini-Garcia and Russell, 2002; Rooij and Russell, 2000). In P. monodon, only a small 
number of SgAs persist at the tubular margin; close to the basal lamina of seminiferous 
tubules in most cases. Nonetheless, following spermiation, a remnant of SgAs adjacent to 
the lumen (L) of seminiferous tubule became active and proliferated to occupy and fill the 
vacant region of the lumen. After a series of mitotic replications, SgAs differentiated into 
SgBs, which then rested in the germinal region (GR) of seminiferous tubule. The SgBs then 
simultaneously undergo their final mitotic division to become primary spermatocytes (PSc). 
We have suggested that the fusiform and spherical structures found in the nuclei of 
spermatogonia of P. monodon, were different forms of nucleolar morphology associated with 
the regulation of cell proliferation and mitosis (Boisvert et al., 2007).  
 
While PScs could be classified into five stages: leptotene, zygotene, pachytene, diplotene 
and diakinesis, a clearly defined pre-leptotene stage was not identified. The diploid PScs 
should later divide into haploid secondary spermatocytes at the end of meiosis I, although it 
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was not possible to observe secondary spermatocytes in this current study; this stage of 
meiosis is typically rapid and therefore rarely observed (Cenci et al., 1994). All PScs 
developed in a synchronized way, presumably as a result of cellular signaling associated 
with the presence of well-established cytoplasmic bridges. The observations of 
spermatocytogenesis of P. monodon in this study are consistent with that of most studied 
decapod crustaceans in terms of the formation of synaptonemal complex, the pairing of 
homologous chromosomes, the appearance of chiasmata, and the rearrangement of 
chromosomes [e.g.  Macrobranchium rosenbergii (Poljaroen et al., 2010), Litopenaeus 
schmitti (Fransozo et al., 2016), Enoplometopus occidentalis (Haley, 1984), Ucides cordatus 
(Castilho et al., 2007), Eriocheir sinensis (Wang et al., 2015), and Callinestes danae (Zara 
et al., 2012)]. However, we describe here for the first time a ring-like structure in the PScs 
of P. monodon.  
 
2.5.2 The ring-like structure  
 
The ring-like structure (RLS) was commonly present in the cytoplasm, adjacent to the 
nucleus of a PSc in P. monodon. RLSs were eosinophilic and conspicuous on histological 
sections. The small granular components that compose the RLS were initially scattered 
around the outer nuclear envelope of the SgA. After the assemblage of these small dense 
granules, a larger solid body with high electron-density could be seen near the nucleus of a 
SgB. Later a number of small vacuities emerged in the central area of the large dense body 
that subsequently merged into a large central cavity and which gave the RLS an annular 
appearance in light microscopy. The presence of a RLS was a typical characteristic of PSc 
in P. monodon but it disappeared at the end of meiotic prophase. Large electron-dense 
structures with multiple internal translucent regions have also been noted in a perinuclear 
location of PScs in Fenneropenaeus chinensis (Kang et al., 2008) and Litopenaeus schimitti 
(Fransozo et al., 2016). While both Kang et al. (2008) and Fransozo et al. (2016) mentioned 
the formation of a large dense body from small dense granules, neither study reported the 
feature as a large central cavity or a ring-like appearance, as we have observed in this study.  
 
According to its spatial and temporal characteristics, the RLS should probably be referred 
as a germ-cell-specific organelle named the chromatoid body (CB) (Parvinen, 2005). The 
mostly studied mammalian CB first appears in the mid-pachytene spermatocytes and 
remains until the late spermatid stage, whereas the penaeid CB described in this study was 
fully formed in the leptotene spermatocyte but not present in any stage of the spermatid. In 
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addition, the ring-like morphology of CB in P. monodon differed from the typical appearance 
of CB in mammals. A mammalian CB is an amorphous structure composed of loose 
aggregates of electron-dense components and accompanied by multi-vesicular bodies. The 
function of the CB is still unclear but the prevailing hypothesis is that it is a RNA-processing 
center related to the post-transcriptional activities and the storage of mRNA due to the 
inactivated nuclei of germ cells (Kotaja et al., 2006; Kotaja and Sassone-Corsi, 2007). 
Another study has noted that the CB might function as a degradation site rather than a 
synthesis site, as there are enzymes related to aggresomes, lysosomes, and proteasomes, 
as well as degraded components of cytosol, nuclear and mitochondrial proteins inside the 
CB (Haraguchi et al., 2005). Further research is needed to determine the function of the CB 
in the different taxa and the timing of the presence of CB in P. monodon, compared to that 
of mammals may shed some light on this.  
 
2.5.3 Spermiogenesis  
 
The results of this study suggest that P. monodon spermiogenesis can potentially be 
categorized into 6 stages (see Fig. 2.9). The formation of the acrosome and the 
decondensation of the nucleus are the two major morphological transformations of 
spermiogenesis. The formation of the acrosome in P. monodon could be further divided into 
four steps: (1) small preacrosomal vesicles (PV) were formed from the endoplasmic reticula 
(ER) near the nucleus of StII; (2) numerous small PVs coalesced into a large acrosomal 
chamber (AC) at the periphery of StIII opposite to its nucleus; (3) in a StIV, the materials in 
PVs were released into the AC and polymerized into a dense anterior body (AB), which was 
the precursor of spike-like acrosome; and (4) the contents of the AB is emerged out of the 
AC into the spike-like acrosome, through the opening of the dense plate, via the 
compression of expanding nuclear region (along with nucleus decondensation) in StVI. The 
process of acrosomal formation in P. monodon, whereby small ER-derived PVs combined 
into a large AC, seems to be a symplesiomorphic character within the order Decapoda, as 
similar patterns of construction have previously been described in other species in the 
suborder Dendrobranchiata (Fransozo et al., 2016; Kang et al., 2008; Medina, 1994; 
Shigekawa and Clark, 1986), and within the suborder Pleocyemata, in the infraorder 
Brachyura (Langreth, 1969; Reger, 1970; Stewart et al., 2010), in the infraorder Caridea 
(Arsenault et al., 1979; Papathanassiou and King, 1984; Poljaroen et al., 2010) and in the 
infraorder Astacidea (An et al., 2011; Rotllant et al., 2012).  
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Figure 2.9: A schematic diagram of spermiogenesis of Penaeus monodon. From a stage I spermatid (StI) to a 
stage III spermatid (StIII), some mitochondrion-like bodies (MLB) expand into multi-layered lamellae and later 
the lamellae convert to pre-acrosomal vesicles (PV) and endoplasmic reticula (ER). Numerous PVs merge 
together to form an acrosomal chamber (AC) and within the AC a dense anterior acrosomal body (AB) begins 
to be assembled. From a stage IV spermatid (StIV) to a stage V spermatid (StV), the AC grows larger and the 
AB becomes denser, a dense plate (DP) forms at the junction of AB and plasma membrane. From a StI to a 
StV, the nucleus (N) gradually transforms from a condensed state to a decondensed state. From a StV to a 
StVI, the nuclear envelope degenerates, the nucleus is filled with diffused chromatin, and the AB occupies the 
majority of AC. Most spermatozoa in the testis (TSz) contain a highly decondensed nuclei and a subacrosomal 
chamber (SbAC) emerges between the nucleus and AC, while the growth of spiky acrosome and modification 
of chromatin are finally completed for spermatozoa in the spermatophore (SSz).  
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The ultimate products of spermatogenesis in the testis of penaeid prawns are not fully 
mature spermatozoa (Sz). In contrast to Sz in the spermatophore (Feng et al., 2016), a 
testicular Sz had a relatively electron-translucent subacrosomal chamber and the protruding 
acrosome, in most cases, was not as spiky and elongated as that of a spermatophoral Sz. 
Our results coincided with the observations of structurally immature Szs in the testis of other 
penaeid taxa, such as Litopenaeus schmitti (Fransozo et al., 2016) and Parapenaeus 
longirostris (Medina, 1994). However, in this study, some Szs were occasionally observed 
possessing an elongated spike in the lumen of seminiferous tubule. It is presumable that the 
growth of spiky acrosome is a spontaneous activity after the formation of the acrosomal 
chamber.  
 
2.5.4 The mitochondrion-like body  
 
Mitochondrion-like bodies (MLB) were present as double-membrane organelles whose size 
was similar to that of mitochondria but the electron-density of internal matrix was much 
higher and the cristae were largely reduced or not definable. MLBs initially appeared in the 
primary spermatocytes but were also present as the only recognizable organelles in the 
cytoplasmic residue of spermatozoa. By comparison, normal mitochondria were oval, 
electron-translucent, and contained sparse vesicular cristae and they mostly existed in the 
spermatogonia and primary spermatocytes. In previous studies, MLBs were regarded as 
degenerative mitochondria and observed in the spermatids and spermatozoa of many 
species within the Dendrobranchiata (Jamieson, 1991; Medina, Garcia-Isarch, et al., 2006; 
Medina, Scelzo, et al., 2006). Since the ATP-synthase-holding cristae of MLBs have mostly 
disappeared, MLBs in the male germ cells of the Dendrobranchiata are more likely to be 
involved in cell signaling and other cellular metabolisms rather than ATP production 
(Paumard et al., 2002).  
 
Interestingly, this study has revealed that MLBs were possibly associated with the formation 
of small pre-acrosomal vesicles (PV) that eventually coalesced into a large acrosomal 
chamber (AC) during spermiogenesis of P. monodon. In StII, some MLBs underwent a 
mitophagy-like event that resulted in the budding of multi-layered lamellae off the nucleus. 
These multi-layered lamellae later appeared to distended into the cisternae of endoplasmic 
reticula (ER), which were close to and concentric with the nuclear envelope (NE). The 
remaining MLBs kept progressing through fission or autophagy and they were closely 
associated with ER to form numerous PVs in the cytoplasm of StIIIs. Similar formation of 
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PVs has also been reported during spermiogenesis of Sicyonia ingentis (Shigekawa and 
Clark, 1986) and Parapenaeus longirostris (Medina, 1994) in terms of mitochondrial 
autography, mitochondria-ER association, and the release of ER-derived PVs into 
cytoplasm. In addition, Anderson and Ellis (1967) successfully observed the transformation 
from mitochondria to multi-layered lamellae in the early spermatids of crayfish Cambarus 
spp. Immobility undermines the role of mitochondria in mature spermatozoa of decapod 
crustaceans (Jamieson and Tudge, 2000), so that mitochondrial transformation and 
mitophagy is probably therefore regulated to reduce the quantity and ability of energy 
producing mitochondria as the highly simplified cellular machinery of spermatozoa may not 
be able cope with the stress of excessive reactive oxygen species (ROS) generated by ATP-
producing mitochondria (Koppers et al., 2008). Herein, we therefore speculate on the 
possibility of a special role of the mitochondria in the formation of an acrosomal precursor in 
the early spermatids of P. monodon. Further specifically-designed studies are required to 
comprehensively elucidate the role of these supposedly redundant organelles, beyond that 
of mere bioenergetics associated with motility (Kasahara and Scorrano, 2014).  
 
2.5.5 The decondensation of sperm nucleus  
 
The decondensation of sperm nucleus was another significant morphological transformation 
in the spermiogenesis of P. monodon, which also appears to be an apomorphic 
characteristic among decapod crustaceans (Jamieson, 1991). In this study, we have 
observed that the compaction of the nucleus gradually decreased from StI to StIV and the 
decondensing process became more conspicuous from StV to StVI, especially when the 
nuclear envelope began to disintegrate (see the transformation from StI to StVI in Fig. 2.9). 
The decondensed status of the sperm nucleus in decapod crustaceans has been attributed 
to the lack of protamination and the reduction of sperm basic proteins in chromatin during 
spermiogenesis (Kurtz et al., 2008; Sellos and le Gal, 1981; Stewart et al., 2010; Wu et al., 
2016; Wu et al., 2015). These papers report that only a small amount of basic somatic-type 
histones remains in the mature decapod spermatozoa, such as H2B, H3, and H4. This is 
why some early researches reported that the sperm cells of decapod crustaceans only 
contained pure DNAs with no basic proteins (Kleve et al., 1980; Langreth, 1969). The current 
study found that the width of thin filaments in the nucleus of spermatozoa in the testis was 
approximately 2-10 nm, which is the range of that reported for naked DNA to nucleosome-
contained chromatin (Felsenfeld and Groudine, 2003). Ge et al. (2011) and Langreth (1969) 
have noted that the majority of basic sperm proteins migrated from the nuclear region to the 
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acrosomal region in the final stages of spermiogenesis of Fenneropenaeus chinensis, 
Cancer borealis and Caner irroratus, so it might be possible that these basic sperm proteins 
are disassembled during decapod spermiogenesis and the components reused or 
reallocated via the mitochondria-endoplasmic-reticula complexes to produce enzymes 
which were embedded in small pre-acrosomal vesicles, large acrosomal chamber, dense 
anterior body and eventually the spiky acrosome.  
 
This study has noted that the chromatin filament of testicular spermatozoa is not as thick as 
those previously observed in the spermatophoral spermatozoa (from TSz to SSz in Fig. 2.9) 
of P. monodon (Feng et al., 2016). Our group is currently exploring the hypothesis that sperm 
chromatin is progressively modified during sperm transportation, storage and even 
capacitation. In addition, both high and low electron-densities of chromatin of testicular 
spermatozoa were observed in this study, which corresponded to our previous observations 
on the divergent chromatin density of spermatophoral spermatozoa (Feng et al., 2016).  It 
is still unclear why chromatin packing of these spermatozoa is not uniform. Observations of 
P. monodon testicular and spermatophoral histology by Chong et al. (2015) have noted the 
coexistence of spermatozoa in which the nucleus was heavily stained alongside apparently 
larger spermatozoa that were not so heavily stained. The swollen unstained spermatozoa 
that were regarded as an abnormality by Chong et al. (2015) were not found in the 
histological and TEM sections in this study but we did observe the differences on stain 
uptake, cellular size, and nuclear electron-density. Future studies are needed to figure out 
whether this variability of chromatin density is due to an abnormal spermiogenic process 
and what is the influence of this variability on sperm functionality.  
 
2.6 Conclusion  
 
This study has provided detailed morphological information on the spermatogenesis of P. 
monodon. Our results complement and extend previous knowledge on the basic 
reproductive biology of male penaeid prawns and contribute to the future studies on fertility 
evaluation, reproductive pathology, penaeid phylogenesis and sex-related genetics. In fact, 
spermatogenesis in the testis is just the beginning of sperm production for this animal. More 
mysteries will be elucidated in regard to the further sperm maturation and modification as 
sperm travel through the vas deferens, are stored in the terminal ampullae and finally 
incubated in the female thelycum.  
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Chapter 3: A morphological study of the male reproductive tract, post 
testicular sperm acrosome maturation and spermatophore formation in 
the black tiger prawn (Penaeus monodon)  
 
3.1 Abstract  
 
Inferior larval production rates of domesticated Penaeus monodon broodstock has been a 
major hurdle to the expansion of its aquaculture, so that a better understanding of basic 
male reproductive biology is critical to improve the reproductive performance of this 
commercially important penaeid species. Following our previous study of spermatogenesis 
in the species, this study explored the mechanism of spermatophore formation with regards 
to the contribution of the reproductive tract epithelium by light and transmission electron 
microscopy. Four types of epithelial secretions (S1-4) were observed contributing to the 
three layers of the spermatophore. The primary layer of spermatophore was composed of 
S1 and S2, which were released from the secretory epithelial cells of the proximal vas 
deferens and the secretory epithelial cells of the sperm-bearing lumen of the mid vas 
deferens, respectively. The secondary layer of the spermatophore was composed of S3, the 
secretory product of epithelial cells in the accessory tubule lumen of the mid vas deferens. 
The outer layer of the spermatophore was formed from S4 which was secreted by the 
epithelial cells in the posterior mid vas deferens and the terminal ampulla. Unique folds of 
the vas deferens epithelium appeared to play an important role in the formation of the 
spermatophore, particularly in the formation of the laminated structure of the spermatophore 
appendage. With respect to acrosome maturation along the reproductive tract, most 
spermatozoa did not have a fully developed anterior spike and a subacrosomal region when 
in the proximal vas deferens, whereas both structures were fully formed by the time the 
spermatozoa reached the mid vas deferens and increased electron density when in the 
terminal ampulla; this observation represents the first morphological evidence of post-
testicular acrosome maturation in this taxon.  
 
3.2 Introduction  
 
Poor reproductive potential of domesticated Penaeus monodon broodstock has been a 
major hurdle to the expansion of aquacultural production in this species (Kumar and Engle, 
2016). Reproductive issues for the male P. monodon broodstock in captivity include 
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abnormal spermatogenesis (Chong et al., 2015), a lack of mating behaviour (Marsden et al., 
2013) and pathological changes in the reproductive tract (Chamberlain et al., 1983); 
consequently, a better understanding of basic male reproductive biology including 
spermatogenesis, post-testicular sperm maturation and spermatophore formation is 
fundamental and critical to addressing these reproductive problems in aquaculture.  
 
Although the male reproductive tract has been studied in several penaeid species such as 
Litopenaeus setiferus (King, 1948; Ro et al., 1990), Litopenaeus vannamei (Chow, 
Dougherty, Dougherty, et al., 1991; Chow, Dougherty, and Sandifer, 1991), Litopenaeus 
schmitti (Fransozo et al., 2016), Litopenaeus stylirostris (Bell, 1988), Melicertus kerathurus 
(Malek and Bawab, 1974a, b), Trachypenaeus similis (Bauer and Min, 1993), 
Farfantepenaeus duorarum and Farfantepenaeus aztecus (Bauer and Cash, 1991), the 
corresponding knowledge for P. monodon is still limited to gross anatomy (Motoh, 1981).  
 
Spermatozoa of decapod crustaceans are immotile (Jamieson and Tudge, 2000; H. Niksirat 
et al., 2013); after a completion of spermatogenesis in the testis, spermatozoa move into 
the vas deferens where they are packed inside spermatophores (Vogt, 2016). 
Spermatophores are the sperm packages produced by the male decapod crustaceans, 
facilitating the protection and transfer of spermatozoa (Dudenhausen and Talbot, 1983; 
Jamieson and Tudge, 2000; King, 1948; Niksirat et al., 2014). As a follow-up of our previous 
study in the spermatogenesis of P. monodon (Feng et al., 2017), the current study 
systematically examines the structure and possible function of the epithelial cells and 
secretions along the male reproductive tract of P. monodon using a combination of light and 
electron microscopy, in an attempt to reveal the structural morphology of the sperm transport 
duct, the extent of any post-testicular change in sperm morphology associated with sperm 
maturation, and the packaging of spermatozoa within the spermatophore.  
 
3.3 Materials and Methods  
 
3.3.1 Sample collection  
 
The internal reproductive organs of 10 sexually mature wild male Penaeus monodon [mean 
(± SD) body weight and carapace length of 98.8 ± 5.7 g and 53.6 ± 2.1 mm, respectively] 
were removed after the animals were euthanized in an ice water slurry for 10 min. The left 
side of the reproductive organ was cut into 1 cm long pieces and fixed in the Davidson’s 
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solution (1 L contains - 220 mL 37–40% formaldehyde, 330 mL 95–100% ethanol, 115 mL 
glacial acetic acid, 335 mL distilled water, pH 3.5–4.0) for 24h at room temperature for the 
histological preparation, whereas the right side was cut into 5 mm long pieces and preserved 
in crustacean reproductive fixative (2% paraformaldehyde, 2.5% glutaraldehyde in the 0.1 
mol L-1 sodium cacodylate with 5% sucrose, pH 7.6) at 4 °C for 24h for transmission electron 
microscopy. 
 
3.3.2 Histology  
 
Fixed prawn reproductive tissues were automatically dehydrated, cleared and embedded in 
paraffin by a Shandon Excelsior ES tissue processor (ThermoFisher Scientific, Scoresby, 
Australia). Histological sections (3–4 µm thick) were cut by a Microm HM340E microtome 
(ThermoFisher Scientific, Scoresby, Australia). After the standard haematoxylin and eosin 
(H&E) staining using a Leica ST5020 Multistainer slide stainer (Leica Microsystems, 
Macquarie Park, Australia), the slides were observed and photographed using an Olympus 
BX61 light microscope mounted with an Olympus DP70 camera (Olympus Australia, Eagle 
Farm, Australia). 
 
3.3.3 Transmission electron microscopy (TEM) 
 
A PELCO BioWave microwave processing system (Ted Pella, Redding, USA) was used to 
process samples for TEM. The procedure involved (1) two washes in 0.1 mol L-1 sodium 
cacodylate buffer (pH 7.4) at 80 W, each for 40 sec; (2) post-fixation in 1% osmium tetroxide 
by two continuous microwaving programs, each of which comprised of a 2 min heating, a 2 
min cooling, and another 2 min heating at 80 W; (3) two rinses in ultra-high quality (UHQ) 
water at 80 W, each for 40 sec; (4) dehydration through an ethanol series (40 sec in each 
of 50%, 70%, 90%, 100%, and 100%) at 150 W; (5) infiltration through a series of EPON 
812 resin/ethanol solutions (3 mins in each of 30%, 50%, 70%, 100%, and 100%) at 150 W 
and (6) polymerization in a 60 °C oven for 24h. Semi-thin (0.8–1.0 µm) sections were cut by 
a Leica EM UC6 ultramicrotome (Leica Microsystems, Macquarie Park, Australia) and 
stained using 0.5% toluidine blue in 1% sodium tetraborate solution to locate the region of 
interest. The thin sections (50–70 nm) were cut with a DiATOME Ultra 45° diamond knife 
(DiATOME, Nidau, Switzerland) and then attached to the 200 square mesh copper grids 
(ProSciTech, Kirwan, Australia). The air-dried grids were stained using 5% uranyl acetate in 
a 50% ethanol for 2 min, rinsed by UHQ water for 1 min, re-stained by Reynolds’ lead citrate 
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solution (Reynolds, 1963) for 2 min, and rinsed again in UHQ water for 1 min. The stained 
grids were observed using a JEOL JEM-1010 transmission electron microscope (80 kV) 
(JEOL Australasia, French’s Forest, Australia) equipped with a 2k × 2k wide-angle Olympus 
Veleta TEM camera (Olympus Australia, Eagle Farm, Australia). 
 
3.4 Results  
 
3.4.1 Gross anatomy of the male reproductive tract  
 
The male reproductive tract of P. monodon was symmetrical and consisted of three major 
partitions: testis (T), vas deferens (VD), and terminal ampulla (TA) (Fig. 3.1a). The testis 
was composed of a total of 12 independent testicular lobules, 6 on each side (TL in Fig. 
3.1b). The vas deferens included three regions: the proximal (PVD in Fig. 3.1b), the mid 
(MVD in Fig. 3.1a), and the distal vas deferens (DVD in Fig. 3.1a). The terminal ampulla was 
the most dilated segment of the vas deferens and located between DVD and the gonopore 
(GP in Fig. 3.1a). 
 
3.4.2 Testis  
 
The testis of P. monodon was lobular. Each testicular lobule (TL) was flattened (Fig. 3.1b) 
and filled with a long and convoluted seminiferous tubule (dashed circle in Fig. 3.1c). The 
seminiferous tubule included a germinal region (GR) and a lumen (L) (Fig. 3.1c). The 
germinal region was packed with the germline and supportive cells, while the lumen was 
filled with free spermatozoa. In addition, a thin capillary could be seen beside the 
seminiferous tubule (the arrow in Fig. 3.1c). In the germinal region, nurse cells (NC) with 
lobulated nuclei (N) were localized near the basal lamina (Fig. 3.1d) associated with 
spermatocytes (SC) via gap junctions (arrows in Fig. 3.1e). Spindle-shaped peritubular 
myoid cells (PMC) with a peripherally placed flattened nucleus formed the striated muscle 
filaments (arrow) outside the basal lamina of the seminiferous tubule and the testicular 
lobule (Fig. 3.1d & f).  
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Figure 3.1: Complete male reproductive tract and testicular structures of Penaeus monodon. (a) Gross 
anatomy of the male reproductive tract (T - testis, MVD - mid vas deferens, DVD - distal vas deferens, TA - 
terminal ampulla, and GP - gonopore); (b) gross anatomy of testicular lobules (TL), proximal vas deferens 
(PVD) and the anterior MVD (aMVD); (c) transverse histological section of a TL showing the germinal region 
(GR) and lumen (L) of seminiferous tubule (dashed circle), and an adjacent capillary (arrow); (d) a TEM 
macrograph showing the nurse cell (NC) and peritubular myoid cell (PMC) in periphery of a seminiferous tubule; 
(e) a NC (N - nucleus) in association with spermatocytes (SC) via gap junctions (arrows); (f) a PMC (N - nucleus) 
and its striated muscle filaments (arrow). 
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3.4.3 Proximal vas deferens  
 
The proximal vas deferens (PVD) was a short and narrow tube connecting all testicular 
lobules (Fig. 3.1b). Three layers could be seen on the cross-section of PVD: longitudinal 
and circular muscle cells as the outer layer (OL), a basal lamina as the mid layer (ML), and 
the simple cuboidal epithelial cells as the inner layer (IL) (Fig. 3.2a & b). The plasma 
membranes of the cuboidal epithelial cells were extensively enmeshed and interdigitated 
together by long septate junctions (hollow arrows in Fig. 3.2c). The apical surface of the 
PVD epithelial cells was covered by numerous microvilli (Mv) which gathered as a brush 
boarder (BB) (Fig. 3.2d). Secretions of the PVD cuboidal epithelial cells were composed of 
a large number of thin thread-like components (Fig. 3.2d & f), defined here as the type 1 
secretions (S1). In the narrow lumen of PVD, most of the spermatozoa did not possess a 
fully grown anterior spike (AS) and the subacrosomal region (SR) was underdeveloped (Fig. 
3.2e & f). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 (next page): Proximal vas deferens of Penaeus monodon. (a) Transverse histological section of the 
proximal vas deferens (PVD) showing its outer layer (OL), mid layer (ML) and inner layer (IL); (b) a TEM 
macrograph showing the tissue structures in OL, ML and epithelial cells in IL; (c) a PVD epithelial cell showing 
interdigitated plasma membranes (arrows); (d) the brush border (BB) formed by numerous microvilli (Mv) and 
the type 1 secretion (S1) of PVD epithelial cells; (e) a TEM macrograph showing spermatozoa in the lumen of 
PVD; (f) a spermatozoon surrounded by the S1 showing a non-extended anterior spike (AS) and undeveloped 
subacrosomal region (SR) in the lumen of PVD. 
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3.4.4 Mid vas deferens  
 
The mid vas deferens (MVD) was composed of three segments: the anterior (aMVD), the 
medial (mMVD) and the posterior (pMVD). aMVD was a thickened segment descending 
from the PVD (Fig. 3.1b). aMVD had an outer muscle layer (OL), a middle basal lamina layer 
(ML) and a thick inner epithelial layer (IL); a large blood vessel (BV) and the surrounding 
adipose tissue (AT) could be seen to run in parallel to aMVD and connected by a layer of 
connective tissue (Fig. 3.3a). The thick epithelial layer was composed of stratified cuboidal 
epithelial cells (SCE) and pseudostratified columnar epithelial cells (PCE). The 
pseudostratified columnar epithelium was longitudinally folded into the lumen (arrows in Fig. 
3.3a). The plasma membranes (PM) of the pseudostratified columnar epithelial cells were 
intermingled and the cytoplasm contained a high number of rough endoplasmic reticula 
(RER), Golgi apparatuses (GA) and mitochondria (Mi) (Fig. 3.3b, c, & d). Type 2 secretion 
(S2) was observed being released from the pseudostratified columnar epithelial cells: the 
small electron-dense granules (EDG) were assembled and transported from the cytoplasm 
to the brush border (BB) by means of merocrine exocytosis (Fig. 3.3e). As the secretory 
activity continued, the electron-dense bodies accumulated and merged together around the 
brush border (BB), and showed an extremely high level of electron density (Fig. 3.3f). In the 
lumen, the electron-dense S2 from aMVD pseudostratified columnar epithelial cells 
infiltrated the thread-like S1 from the PVD cuboidal epithelial cells (Fig. 3.3h). Spermatozoa 
in aMVD lumen had developed a fully extended anterior spike (AS) and subacrosomal region 
(SR) (Fig. 3.3g & h).   
 
 
 
 
 
Figure 3.3 (next page): Anterior mid vas deferens of Penaeus monodon. (a) Transverse histological section of 
the anterior mid vas deferens (aMVD) showing its inner layer (IL) formed by the infolded (arrows) 
pseudostratified columnar epithelia (PCE) and stratified cuboidal epithelia (SCE), mid layer (ML), and outer 
layer (OL) with adjacent blood vesicle (BV) and adipose tissues (AT); (b) a TEM macrograph showing aMVD 
epithelial cells and their nuclei (N), interdigitated plasma membranes (PM), numerous rough endoplasmic 
reticula (RER), Golgi apparatuses (GA), and mitochondria (Mi); (c) a TEM micrograph showing the details of 
N and PM of an aMVD epithelial cell; (d) a TEM micrograph showing the details of RER, GA and Mi of an 
aMVD epithelial cell; (e) the type 2 secretion (S2) released from the brush border (BB) of aMVD epithelial cells 
in the form of electron-dense granules (EDG); (f) accumulation of intensively released S2 around the secretory 
brush border (BB) of aMVD epithelial cells; (g) spermatozoa in the lumen of aMVD; (h) a spermatozoon 
surrounded by a mixture of S1 and S2 (S1&2) showing the developed anterior spike (AS) and subacrosomal 
region (SR) in the lumen of aMVD. 
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mMVD maintained a considerable amount of sperm mass (SM) in the lumen (Fig. 3.4a). A 
smaller tubule, which did not contain any spermatozoa, was also present in parallel to the 
original sperm-bearing lumen (arrows in Fig. 3.4a); this accessory tubule was also encircled 
by a layer of simple cuboidal epithelial cells (SiCE) between layers of muscle and a layer of 
longitudinally folded pseudostratified columnar epithelium (PCE) (Fig. 3.4b). An additional 
longitudinal fold of cuboidal epithelium was observed extending into the lumen of the 
accessory tubule (arrow in Fig. 3.4b). From mMVD to pMVD, the diameter of the accessory 
tubule lumen increased and the initially enclosed lumen gradually became semi-open (Fig. 
3.4b, c, & d); additionally, the cuboidal epithelial cells of the accessory tubule lumen and the 
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neighbouring pseudostratified columnar epithelial cells of the sperm-bearing lumen were 
transformed to the simple squamous epithelial cells (SSE) (Fig. 3.4d). The secretion in the 
accessory tubule lumen, which was termed as the type 3 secretion (S3), was predominantly 
more eosinophilic than that of S2 in the sperm-bearing lumen. S3 started to partially 
converge and embed the mixture of S1 and S2 in the sperm-bearing lumen when the 
accessory tubule lumen became semi-open (Fig. 3.4d). In the cytoplasm of the secretory 
cuboidal epithelial cells of the accessory tubule lumen, granules with moderate electron 
density (Gr) were assembled on the rough endoplasmic reticula (RER) (Fig. 3.4e & f) and 
released through the brush border (BB) as the granular and flocculent components (GFC) 
via an apocrine secretion (Fig. 3.4e & g). S3 was found to be very reactive to water so that 
it was impossible to obtain thin sections for TEM using standard microtome procedures.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 (next page): Medial mid vas deferens of Penaeus monodon. (a) Gross anatomy of the medial 
(mMVD) and posterior mid vas deferens (pMVD) showing the sperm-bearing lumen containing sperm mass 
(SM) and the accessory tubule (arrows) containing no spermatozoa; (b – d) the sequential transverse 
histological sections from mMVD to pMVD showing the change of epithelia in the lumen of accessory tubule 
and the sperm-bearing lumen and the progress of the type 3 secretion partially converging with the type 1 and 
type 2 secretions (SiCE - simple cuboidal epithelium, PCE - pseudostratified columnar epithelium, SSE - simple 
squamous epithelium, SM - sperm mass, S1&2 - type 1 and type 2 secretions, S3 - type 3 secretion); (e) a 
TEM macrograph of the epithelial cells in the accessory tubule lumen of MVD showing the granules (Gr) formed 
from the rough endoplasmic reticula (RER) and the granular and flocculent components (GFC) released from 
the brush border (BB); (f) a TEM micrograph showing the details of Gr, RER, and associated mitochondria (Mi); 
(g) a TEM micrograph showing the details of BB and GFC. 
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The diameter of pMVD was narrower than that of mMVD (Fig. 3.4a). The cuboidal epithelial 
cells of pMVD produced the type 4 secretion, abbreviated as S4. S4 had a translucent 
interior but a highly eosinophilic boarder (Fig. 3.5a). Additionally, S4 covered all the luminal 
contents passing through pMVD but never merged with these materials. In TEM images, the 
coalescing of large secretory vesicles (SV) could be seen at the brush border (BB) of the 
epithelial cells (Fig. 3.5b). The S4 secretion also contained multiple components such as the 
electron-dense granules (EDG), flocculent materials (FM), and the less electron-dense 
granules (LEDG) (Fig. 3.5c). There was an increased amount of S2 in the lumen of pMVD 
and this could be seen blending with S1 around the periphery of spermatozoa (Fig. 3.5d). 
The ultrastructure of spermatozoa in this region did not show any detectable differences to 
those in aMVD or mMVD.  
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Figure 3.5: Posterior mid vas deferens of Penaeus monodon. (a) Histological section of the posterior mid vas 
deferens (pMVD) and the type 4 secretion (S4); (b) a TEM macrograph showing the S4 released in the form 
of large secretory vesicle (SV) from the brush border (BB) of the pMVD epithelial cells; (c) components of the 
S4 including the electron-dense granules (EDG), flocculent materials (FM), and less electron-dense granules 
(LEDG); (d) a spermatozoon surrounded by an increased amount of type 2 secretion (S2) blending with type 
1 secretion (S1) in the lumen of the pMVD. 
 
3.4.5 Distal vas deferens 
 
The distal vas deferens (DVD) was a narrow tube connecting the posterior mid vas deferens 
(pMVD) and the anterior terminal ampoule (aTA) (Fig. 3.6a). The outer layer (OL) of DVD 
was composed of a thick muscle layer, a mid layer (ML) of connective tissue and an inner 
layer (IL) of intensively convoluted epithelium. From the periphery to the center of the DVD, 
the epithelial cells transformed from the simple cuboidal epithelium (SiCE) to 
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pseudostratified columnar epithelium (PCE) (Fig. 3.6b). In addition, the sperm mass and the 
secretions were rarely observed in the lumen of DVD. The cells of these epithelial folds 
presented with extensive microvilli (Mv) at the luminal surface, whereas the basal side of the 
epithelium was connected to a thick layer of connective tissue (CT) rich in collagen (Fig. 
3.6c). The cytoplasm of these epithelial cells, contained abundant small vesicles (Ve) and 
electron-dense granules (EDG) could be observed, whereas there was scant evidence of 
rough endoplasmic reticulum or Golgi apparatus (Fig. 3.6d).  
 
 
Figure 3.6: Distal vas deferens of Penaeus monodon. (a) Gross anatomy of the distal vas deferens (DVD) 
between the posterior mid vas deferens (pMVD) and anterior terminal ampulla (aTA); (b) transverse histological 
section of DVD showing an outer layer (OL), mid layer (ML), and inner layer (IL) (SiCE - simple cuboidal 
epithelium, PCE - pseudostratified columnar epithelium); (c) a histological image of the DVD epithelial cells 
showing the apical microvilli (Mv) and basal connective tissues (CT); (d) a TEM image of DVD epithelial cells 
showing small vesicles (Ve) and electron-dense granules (EDG) in the cytoplasm.  
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3.4.6 Terminal ampulla  
 
The terminal ampulla (TA) was the dilated segment in the distal end of the male reproductive 
tract. The TA was sheathed by a thick muscle layer and the internal TA had two chambers: 
a spermatophoric chamber (SC) containing the main body of spermatophore (MB) and an 
appendage chamber (AC) containing the appendage of spermatophore (Ap) (Fig. 3.7a & b). 
For MB, the sperm mass (SM) was surrounded by three spermatophoric layers: a primary 
layer (PL) which was a mixture of S1 and S2, a secondary layer (SL) that appeared to be 
composed of S3, and an outer tertiary layer (OL) composed of S4 (Fig. 3.7c). S4 appeared 
to be released from TA epithelium which was similar to that of pMVD. The mixture of S1 and 
S2 was more complete or homogeneous in MB: the thin thread-like components of S1 were 
completely covered by the electron-dense components of S2 (Fig. 3.7e). The anterior spike 
(AS) and the subacrosomal region (SR) of spermatozoon in the TA (Fig. 3.7e) showed an 
increased electron density when compared with the spermatozoon in MVD.  
 
The appendage chamber (AC) of TA was filled with the appendage of spermatophore (Ap), 
the composition of which was similar to S3 and was highly reactive to water even after the 
fixation by the formaldehyde and glutaraldehyde; nonetheless, Ap was more laminated and 
eosinophilic than S3 (Fig. 3.7d). In the sample processing for TEM, Ap quickly became 
solidified and expanded into a large volume of pleated sheet-like substance (PSS) after it 
touched the water (arrow in Fig. 3.7a & f). The layer of pleated sheet-like substance (Fig. 
3.7f) was gradually depolymerized to the flocculent components (FC) (Fig. 3.7g) when it was 
soaked in water for a longer time.  
 
 
 
 
 
 
 
Figure 3.7 (next page): Terminal ampulla of Penaeus monodon. (a) Gross anatomy of the terminal ampulla 
(TA) showing the spermatophoric chamber (SC), the appendage chamber (AC), and the substance released 
from AC (arrow); (b) a longitudinal histological section of TA showing the main body of the spermatophore (MB) 
in the SC and the appendage of spermatophore (Ap) in AC; (c) the  primary layer (PL), secondary layer (SL), 
and outer layer (OL) around sperm mass (SM) in the main body of spermatophore; (d) laminated and 
eosinophilic Ap substance in AC; (e) a spermatozoon surrounded by a mixture of S1 and larger amount of S2 
in SC; (f) expanded pleated sheet-like substance (PSS) of Ap after reacting with water; (g) the flocculent 
components (FC) of the depolymerized pleated sheet-like substance (PSS) of Ap. 
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3.5 Discussion  
 
3.5.1 The male reproductive tract of P. monodon and other penaeid species 
 
The testis, the vas deferens, and the terminal ampulla are the three major segments of each 
side of the penaeid male reproductive tract. The penaeid testis is lobular and the number of 
testicular lobules varies between species or even in the same species: there were 16 in L. 
setiferus and L. vannamei  (Chow, Dougherty, and Sandifer, 1991), 10-12 in T. similis (Bauer 
and Min, 1993), 8-14 in L. schmitti (Fransozo et al., 2016); the number observed in P. 
monodon is 12, which is consistent with the observation of Motoh (1981). Each testicular 
lobule is filled with a convoluted seminiferous tubule where spermatogenesis takes place. 
The nurse cells, the equivalent of Sertoli cells in the vertebrate testis, are sustentacular cells 
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located in the peripheral germinal region of the seminiferous tubule. Nurse cells regulate 
spermatogenesis via the gap junctions connecting to the nearby developing spermatocytes; 
such junctional complexes between the nurse cells and the spermatocytes have been 
described in the palaemonid shrimp Macrobrachium rosenbergii (Dougherty and Sandifer, 
1984) and the crayfish Procambarus paeninsulanus (Hinsch, 1992). In addition, Hinsch 
(1992) mentioned that the junctional complex between the nurse cells might function as the 
blood-testis barrier, albeit such a structure was not clearly observed in this study. Peritubular 
myoid cells found in the testis of P. monodon in this study have not been reported in other 
penaeid species. More observations are required to establish the function of these 
peritubular myoid cells but they have been shown to be involved not only in the contractile 
mechanisms of the testis, but also in the secretion and reception of spermatogenesis-related 
hormones in mammalian species (Maekawa et al., 1996).  
 
Each pair of the vasa deferentia possesses three morphologically distinguishable regions: 
the narrow and short proximal region (PVD), the thick and curved mid region (MVD), and 
the narrow and muscular distal region (DVD). Although the types of epithelial cells of the 
vas deferens varies among simple squamous, simple cuboidal, stratified cuboidal, and 
pseudostratified columnar type according to their location, there are two common features 
of these epithelial cells: (1) the apical surface of the epithelial cells was covered by a brush 
border and (2) the plasma membranes of the neighbouring epithelial cells are highly 
interdigitated via the long septate junctions. We found the brush border is an assemblage of 
numerous microvilli rather than cilia as described by Bell (1988). The brush border is likely 
to facilitate the absorptive and secretory activity of the epithelial cells (Subramoniam, 1995). 
The junctional structure between the epithelial cells of the vas deferens was also observed 
in L. setiferus and L. vannamei (Chow, Dougherty, Dougherty, et al., 1991; Chow, 
Dougherty, and Sandifer, 1991; Ro et al., 1990), and it may also act as a blood or 
haemolymph barrier. Additionally, the thickness of the musculature outside the vas deferens 
increases from the PVD to the DVD. Apparently, the thick muscle layer of vas deferens can 
provide stronger muscle contractions than the single thin muscle layer around the 
seminiferous tubules, thus the vas deferens should be more effective for moving a large 
volume of sperm mass within its lumen. Ro et al. (1990) reported that the muscle 
contractions of the vas deferens of L. setiferus could be visually detected in vitro if the tissue 
was freshly dissected.  
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The terminal ampulla (TA) is an enlarged extension of the vas deferens directly connected 
to the gonopore, the external opening of the male reproductive tract. The exterior of the TA 
is covered by the thickest muscle layer of the entire vas deferens, so that the penaeid TA is 
also referred to as an ejaculatory duct (Bauer and Cash, 1991). The TA of P. monodon 
consists of a spermatophoric chamber and an appendage chamber. The two-chamber 
structure of P. monodon TA follows the pattern summarized by Bauer (1991); the TA 
structure in the closed-thelycum penaeid prawns is normally more simplified than that in the 
open-thelycum, which may have four or five internal chambers. Nonetheless, the function of 
TA is similar for all penaeid prawns – being the formation and ejection of the spermatophore.  
 
3.5.2 Spermatophore formation and ejection in P. monodon 
 
The spermatophore of a penaeid prawn is a sticky saccular structure filled with the sperm 
mass and the sperm-supporting substances. Spermatophores were assumed to have three 
major functions for the penaeid prawns: (1) maintaining the integrity of the sperm mass 
during the transfer in an aquatic environment; (2) securing the sperm mass in the thelycum 
(the seminal receptacle of a female); and (3) prolonging sperm viability during the storage 
in the TA and in the thelycum (Bauer, 1991; Bauer and Cash, 1991; Bauer and Min, 1993; 
Chow, Dougherty, Dougherty, et al., 1991). Spermatophore formation initiates in the PVD 
and terminates in the TA; the secretions of the epithelial cells along the vas deferens 
constitute the layers of the spermatophores and the configuration of these epithelial cells 
ensured the correct folding of the spermatophore layers (Malek and Bawab, 1974a, b).  
 
An outline of spermatophore formation and ejection in P. monodon was proposed in Fig. 8, 
based upon the information found here and in previous studies. The spermatophore of P. 
monodon is composed of a main body and an appendage. The main body of spermatophore 
had three layers around the central sperm mass. The primary layer of spermatophore is a 
mixture of the type 1 secretion (S1) from the epithelial cells of the PVD and the type 2 
secretion (S2) from the epithelial cells of the aMVD and mMVD (Fig. 3.8a, b). The thread-
like components of S1 are weaved into a meshwork that converts the free spermatozoa into 
a coherent mass and meanwhile scaffolds the spermatozoa to presumably prevent 
overcrowding. The electron-dense components of S2 infiltrate into the gaps of the meshwork 
of S1 functioning perhaps as a form of protection and/or the nutrition to maintain sperm 
viability. A similar formation of spermatophore primary layer was also observed in L. 
setiferus (Ro et al., 1990) and M. kerathurus (Malek and Bawab, 1974a, b).  
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The secondary layer of spermatophore is made of type 3 secretion (S3) from the epithelial 
cells of the accessory tubule lumen in the mMVD and pMVD (Fig. 3.8b, c). According to the 
study of Sasikala and Subramoniam (1987), the flocculent components of S3 are rich in 
mucopolysccharides, which explains why the S3 are highly reactive to the water. The 
secondary layer of the spermatophore encloses the primary layer where the two lumen of 
MVD begins to partially converge in the pMVD (Fig. 3.8c). In the meantime, the outer layer 
of spermatophore formed by the type 4 secretion (S4) from the epithelial cells of pMVD starts 
to encapsulate all the luminal contents. The S4 is assumed to be lipid-based according to 
its histological and ultrastructural features and therefore may act as the lubricant to facilitate 
the transfer and release of the spermatophore (Malek and Bawab, 1974b).  
 
The appendage of spermatophore is the extension of the secondary layer and the outer 
layer of the main body, which is separately maintained in the appendage chamber of TA. 
The extensive epithelial infoldings in the lumen of DVD play a critical role in the formation of 
spermatophore appendage. These epithelial infoldings mould the S3 into a laminated 
structure as it flows from the accessory tubule lumen of MVD through the DVD, and the S4 
attached on the surface of the laminated S3, prevents the re-merging of the S3 layers when 
they eventually arrive in the appendage chamber of TA (Fig. 3.8d). As a result, the stacks 
of spermatophore secondary layers separated by the spermatophore outer layer are tightly 
packed in the appendage chamber of TA (Fig. 3.8e). Interestingly, the formation of 
spermatophore in the TA must somehow be carefully regulated and timed as the forming 
spermatophore is rarely seen in the DVD when the TA is occupied by an existing 
spermatophore.  
 
During the ejection of a spermatophore, the thick outer muscle layer of TA is assumed to 
contract to reduce the volume of the TA chambers. The increased internal pressure of TA 
expels the main body of the spermatophore at first as the gonopore is opened in the end of 
the spermatophoric chamber of TA, then the appendage of spermatophore is expelled 
following the main body (Fig. 3.8e). When the spermatophore is released into the seawater, 
the laminated structure of spermatophore appendage expands into a large volume of 
pleated sheet-like substance (Fig. 3.8f), which is known as the spermatophoric reaction or 
delamination reaction (Bauer, 1991). As the outer layer of spermatophore detaches from the 
secondary layer, the S3 in the secondary layer continues reacting to the water and 
subsequently the secondary layer becomes distended and glutinous. It was assumed that 
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the reacted spermatophore appendage can seal the sperm mass within the female thelycum 
and prevent the female mating with other males (Bauer and Cash, 1991) – a copulatory plug 
or “chastity belt”. 
 
 
Figure 3.8: A schematic diagram of spermatophore formation in the male reproductive tract of Penaeus 
monodon. (a-d) The configuration of epithelial infoldings (Ep), secretions (S1-4) and sperm mass (SM) in the 
different regions of vas deferens in association with the formation of spermatophore layers (PVD - proximal 
vas deferens, aMVD - anterior mid vas deferens, mMVD - medial mid vas deferens, pMVD - posterior mid vas 
deferens, DVD - distal vas deferens, TA - terminal ampulla, GP - gonopore); (e) organization of the main body 
and appendage of spermatophore in TA (arrows indicate the direction of spermatophore movement); (f) 
expanded structure of an ejected spermatophore after reacting to the water. 
 
3.5.3 Acrosome maturation in the male reproductive tract  
 
We have previously reported that most of the free spermatozoa in the lumen of the 
seminiferous tubule do not possess an elongated anterior spike and an expanded 
subacrosomal region, while these two typical sperm structures could be detected on most 
of the mature spermatozoa in the TA (Feng et al., 2017; Feng et al., 2016). The current study 
has revealed that the anterior spike and the subacrosomal region are also not fully 
developed for most of the spermatozoa in the PVD, whereas these sperm structures appear 
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fully developed when the spermatozoa reach the MVD. A similar phenomenon was also 
observed in the crayfish Procambarus clarkii (Hamid Niksirat et al., 2013). It means that the 
spermatozoa formed in the testis are transported to the vas deferens immediately after the 
spermatocytogenesis and the spermiogenesis is only completed when the spermatozoa are 
temporarily stored as a large sperm mass in the enlarged sperm-bearing lumen of MVD 
(post-testicular sperm maturation). It was suggested that decapod spermatozoa are not 
functional immediately after spermatogenesis to avoid spontaneous acrosome reaction 
when they are still inside the male body; capacitation guarantees that acrosome reaction 
only takes place when male gametes are in the vicinity of ova (Niksirat et al., 2015).  
 
In addition, we also noticed an increase of electron density in the sperm anterior spike and 
subacrosomal region as the spermatozoa travel from the MVD to the TA. An increase of 
electron density in these sperm structures may be evidence of acrosome maturation, which 
has also been observed in penaeid spermatozoa collected from female thelycum 
(spermatheca) compared to those from male TA (Alfaro et al., 2007; Aungsuchawan et al., 
2011; Braga, Suita de Castro, et al., 2014). This process of acrosome maturation is also 
referred as sperm capacitation, which is believed to occur during the period of sperm storage 
in or on the female thelycum after the spermatophores have being transferred to the female. 
As a result, the capacitated thelycal spermatozoa of penaeid prawns are significantly more 
likely to undergo acrosome reaction than the spermatozoa of TA (Alfaro et al., 2003; 
Vanichviriyakit et al., 2004). Similarly, a change of electron-density was also observed in the 
subacrosomal region of narrow-clawed crayfish Astacus leptodactylus during spermatozoa 
capacitation (Niksirat et al., 2014).  
 
Herein, this study shows the first evidence of acrosome maturation taking place during 
sperm transport and spermatophore formation within the male reproductive tract, being 
further evidence of post-testicular sperm maturation in a penaeid species. This means that 
the thelycum may not be the sole place of sperm capacitation. Future studies are required 
to find out the physiological and biochemical relationship between post-testicular sperm 
maturation and sperm capacitation so as to artificially manipulate sperm state for controlled 
fertilization.  
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Chapter 4: The functional anatomy of external genitalia in the black tiger 
prawn (Penaeus monodon) studied by micro-computed tomography and 
scanning electron microscopy 
 
4.1 Abstract  
 
Although artificial insemination has been used for decades in Penaeus monodon 
aquaculture, the interaction of male and female external genitalia during spermatophore 
transfer has not been fully documented. As a result, studying the functional anatomy of this 
process may help to better refine the insemination technique. The sexual act in penaeoid 
prawns is virtually impossible to observe directly; as a result, this study aimed to describe 
the functional anatomy and interaction of external genitalia, such as the petasma, 
appendices masculinae and genital papillae of the male, with that of the thelycum and genital 
lobes of the female, using a combination of micro-computed tomography (Micro-CT) and 
scanning electron microscopy (SEM). We hypothesise that the spermatophores are 
ejaculated into the ventromedial groove of the petasma and squeezed by abdominal flexure 
into the spermathecae of female’s thelycum. During this process, the “spike-like” setae 
observed on the petasma and appendices masculinae are speculated to control the 
transferring direction of the spermatophores. The approach of three dimensional (3D) 
remodelling and animation reported in this study may prove useful in the examination of 
further hypotheses related to the functional anatomy of external genitalia and/or appendages 
for other crustacean species.  
 
4.2 Introduction 
 
In the aquaculture of Penaeus monodon, the reproductive potential of captive broodstock 
tends to be impaired by the process of domestication (Arnold et al., 2013) with a lack of 
mating behaviour, even though captive males show no signs of external physical 
abnormalities or prolonged sexual immaturity, compared to their wild counterparts  (Marsden 
et al., 2013); as a result, most hatcheries still prefer wild-caught P. monodon for larvae 
production (Debnath et al., 2016). However, an over reliance on wild broodstock is ultimately 
a disease risk for the sustainability of prawn aquaculture, as pathogens carried by the wild-
caught prawns have the potential to cause the collapse of the entire aquaculture industry 
(Moss et al., 2012). To relieve the dependence on wild broodstock, artificial insemination is 
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one of the solutions proposed to overcome mating difficulties amongst domesticated 
broodstock (Muthu and Laxminarayana, 1984). Although artificial insemination has been 
utilized for decades for P. monodon, the interaction of male and female external genitalia 
during spermatophore transfer has never been fully documented. Consequently, a basic 
knowledge of the functional anatomy of this process may not only contribute to the natural 
history of the species but also lead to refinements in the artificial insemination technique. 
 
In male penaeoid prawns, the endopods of the first pleopods combine to form a copulatory 
structure termed the petasma and the projected structures on the endopods of the second 
pleopods are named the appendices masculinae. In females, the sternites between the 
fourth and the fifth pereiopods form a copulatory structure termed the thelycum. These 
taxon-specific structures are primary features for distinguishing the sex of the prawn and 
play a key role in the mating process as they are  thought to be associated with the transfer, 
reception and in some species, storage of the spermatophores (Bauer, 1991). For example, 
ablation studies have shown that if the petasma and appendices masculinae of the prawn 
are partially or completely removed, the success of copulation and subsequent fertilisation 
is severely compromised (Bauer, 1976, 1996). In addition, the spermatophores can only be 
found in or on the thelycum of a female prawn after a mating event, indicating that this 
structure functions as a form of seminal receptacle.  
 
Given that prawns typically copulate face to face with their ventral surfaces intertwined and 
that the mating process is extremely rapid (lasts for seconds), it has been extremely 
challenging to elucidate the precise mechanism of the male external genitalia in relation to 
the transfer of the spermatophores (Misamore and Browdy, 1996; Primavera, 1979; Yano 
et al., 1988). This study therefore aims to examine the functional anatomy of the external 
reproductive structures in P. monodon using 3D reconstructed models based on micro-
computerized tomography (Micro-CT) and fine scale anatomy derived from observations of 
scanning electron microscopy (SEM). The involvement of the external genitalia in the 
mechanism of spermatophore transfer will be simulated using these models in light of 
current penaeoid morphological and behavioural literature. This novel approach may offer 
useful insights in the development and improvement of current artificial insemination 
techniques of P. monodon and other penaeoid species for purposes of selective breeding 
aquaculture. 
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4.3 Materials and Methods  
 
4.3.1 Animal preparation  
 
Six male and two female 1-year-old domesticated P. monodon without evidence of 
melanisation, deformity or structural damage of the external reproductive structures were 
selected for this study. Mean (± SD) body weight and carapace length were 98.8 ± 5.7 g and 
53.6 ± 2.1 mm, respectively. Prawns were reared in a 200 m2 pond (1.5 m water depth) at 
the Bribie Island Research Centre, Australia (27° 3' 12.9" S, 153° 11' 39.6" W). Two live 
males were electro-stimulated using the protocol of Arnold et al. (2012) to initially observe 
spermatophore ejaculation; two probes of a 9V electro-stimulator (CSIRO, Australia) was 
applied around the bases of the fifth pereiopods for 1-4 secs, leading to the ejaculation of 
spermatophores. The action of spermatophore emission was photographed using a Nikon 
D7100 camera (Nikon Corporation, Japan) fitted with a Nikon 18-140mm f/3.5-5.6 VR lens. 
The remaining animals were euthanized in an ice slurry for 10 minutes.  
 
For the Micro-CT, two males and two females were fixed in Davidson’s solution (1L contains 
200 mL formalin, 100 mL glacial acetic acid, 300 mL 95% ethanol and 300 mL distilled water) 
for 24 hours and then transferred to 70% ethanol for another 24 hours. The whole prawns 
were stained in the Gram’s solution (3g iodine and 3g potassium iodide in 900mL distilled 
water) for another 24 hours to increase the visualization of soft internal tissues during CT 
scanning (Metscher, 2009). For SEM, the external reproductive structures of another two 
male prawns were dissected and fixed in the Davidson’s solution for 24 hours before being 
transferred into 70% ethanol.   
 
4.3.2 Micro Computerized Tomography (Micro-CT) and 3D reconstruction  
 
For Micro-CT, each prawn was covered by a layer of medical cotton gauze soaked with 
absolute ethanol (100%) and an outer layer of paraffin film (Parafilm; Bemis, Neenah, US). 
The wrapped prawns were scanned using a Siemens Inveon Micro-CT scanner (Siemens, 
Germany) at the Centre for Advanced Imaging of the University of Queensland. The scanner 
was operated at 80 KV energy, 500 µA intensity, with 360 projections per 360° and 1000 ms 
exposure time with a nominal isotropic resolution of 44.5 µm. The raw data were initially 
reconstructed using a Feldkamp conebeam back-projection algorithm provide by an Inveon 
Acquisition Workstation from Siemens. 
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Scans were processed in Mimics Materialise software (v17) (Materialise, Inc., Leuven, 
Belgium). Automatic thresholding was used to isolate the prawn whole body. Artefactual 
connections were manually removed to separate the petasma, appendices masculinae, 
genital papillae, thelycum and genital lobes. Internal organs including the testis, vasa 
deferens, ovary and oviducts were also isolated from their surrounding tissues by manual 
segmentation. In 3-matic software v.10 (Materialise, Leuven, Belgium), the 3D surface 
datasets of the petasma, appendices masculinae, genital papillae, thelycum and genital 
lobes were assembled to create a 3D non-manifold assembly. 
 
All 3D polygonal mesh objects were imported in Maya software 2018 (Autodesk, San Rafael, 
California, USA) for animation (https://youtu.be/lz0qwxy17kQ). For the models of petasma 
and appendices masculinae, joints were created at the regions connected to the pleopods 
using Maya Rigging Tools. By doing so, the models could act more naturally as their 
movement was restricted and attached to the virtual “skeleton” formed by the connected 
“joints”. To simulate the process of spermatophore transfer, the 3D models of 
spermatophores were created using Maya Modelling Tools based on the observation of 
spermatophores during electro-ejaculation. The models of petasma, appendices 
masculinae, genital papillae, thelycum, genital lobes and spermatophores were placed in 
the positions following a sequential time frames based on the stages of described mating 
behaviour. Subsequently, all models were moderated in the Maya Hypershade editor before 
the animation was produced using Maya Rendering Tools.   
 
4.3.3 Scanning Electron Microscopy (SEM) 
 
Formalin-fixed petasmata and appendices masculinae were washed in the phosphate 
buffered saline before undergoing a secondary fixation in a 1% osmium tetroxide; 
subsequently, both structures were dehydrated in a series of ethanol (50%, 70%, 90%, and 
100%) in a Pelco Biowave (Ted Pella Inc., USA) at 250W and dried overnight in 
hexamethyldisilazane. Finally, the samples were mounted on aluminium stubs, sputter-
coated with gold and viewed in a JEOL JCM-5000 NeoScope (JOEL Ltd., Japan) at 10kV at 
the Centre for Microscopy and Microanalysis of the University of Queensland. 
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4.4 Results  
 
4.4.1 The location of internal and external reproductive structures in P. monodon  
 
Internal reproductive structures of male P. monodon consisted of a lobulated testis (Fig. 
4.1a) and vasa deferentia (Fig. 4.2a). The testis was symmetrical, with each side consisting 
of an anterior lobule and five lateral lobules (Fig. 4.1a). The testis extended from the body 
segment of the first pair of pereiopods to the segment of the third pair of pereiopods of the 
cephalothorax (Fig. 4.1b). There were two main curvatures in the testis; the anterior 
curvature (solid black arrow in Fig. 4.1c) and the posterior curvature (hollow black arrow in 
Fig. 4.1c). The anterior curvature was elevated due the apposition of the lower 
hepatopancreas, whereas the posterior curvature was depressed by the location of the 
upper portion of the heart, which was not reconstructed but confirmed during dissection.  
 
 
Figure 4.1: Location and morphology of testis in the Micro-CT reconstructed model of a male Penaeus 
monodon. (a) A dorsal view of the model showing in situ morphology of the testis (T) in cephalothorax; (b) a 
ventral view showing the testis expanding through the segments of the first pair of pereiopods (Pe1) to the 
third pair of pereiopods (Pe3); (c) a lateral view showing the anterior (the solid black arrow) and posterior (the 
hollow black arrow) curvatures of the testis.  
 
 82 
Vasa deferentia were paired elongated excurrent ducts connecting the testis to the 
gonopores. Each vas deferens contained four partitions: proximal vas deferens, mid vas 
deferens, distal vas deferens and terminal ampulla (or ejaculatory duct) (Fig. 4.2a). Vasa 
deferentia extended from the body segment of the third pair of pereiopods to the segment 
of the fifth pair of pereiopods (Fig. 4.2b). Proximal vas deferens connected all testicular 
lobules anteriorly to the paired mid vasa deferentia. Mid vasa deferentia were thickened and 
each of them had two main curvatures: a dorsomedial curvature (solid black arrow in Fig. 
4.2c) and a ventrolateral curvature (hollow black arrow in Fig. 4.2c). Distal vasa differentia 
descended posterolaterally to the dilated terminal ampullae which opened to exterior via 
gonopores (Fig. 4.2a, b & c).  
 
 
Figure 4.2: Location and morphology of vasa differentia and external genitalia in the Micro-CT reconstructed 
model of a male Penaeus monodon. (a) A dorsal view of the model showing in situ morphology of proximal 
(PV), mid (MV), distal (DV) vas deferens and terminal ampulla (TA) in cephalothorax; (b) a ventral view showing 
the vasa deferentia expanding through the segments of the third pair of pereiopods (Pe3) to the fifth pair of 
pereiopods (Pe5), genital papillae (GP) between the coxae of the fifth pair of pereiopods, petasma (P) on the 
first pair of pereiopods (Pl1) and appendices masculinae (AM) on the second pair of pereiopods (Pl2); (c) a 
lateral view showing a dorsomedial (the solid black arrow) and ventrolateral curvature (the hollow black arrow) 
of the vasa deferentia. 
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Male external reproductive structures consisted of genital papillae, petasma and appendices 
masculinae (Fig. 4.2b & c). Genital papillae were defined as paired cuticular projections 
which bear the gonopores on the thoracic sternite between the coxae of the fifth pair of 
pereiopods; the petasma was formed by the combined modified endopods of the first pair of 
pleopods; and appendices masculinae were defined as the modified protuberances on the 
endopods of the second pair of pleopods (Fig. 4.2b & c). 
 
Female internal reproductive structures comprised the ovary (Fig. 4.3a) and oviduct (Fig. 
4.3c). The topography of the ovary in the cephalothorax was very similar to that of the testis 
and included a pair of anterior lobules and five pairs of lateral lobules (Fig. 4.3a). 
Nonetheless, unlike the testis, there was a pair of elongated posterior lobules of the ovary 
that extended to the abdomen (solid black arrow in Fig. 4.3a). The entire ovary expanded 
from the body segment of the third pair of maxillipeds to the segment of the second pair of 
pleopods (Fig. 4.3b). The oviducts arose at the tips of the most posterior pair of the lateral 
ovarian lobules and descended to exterior via gonopores (Fig. 4.3c).  
 
Figure 4.3: Location and morphology of ovary and external genitalia in the Micro-CT reconstructed model of a 
female Penaeus monodon. (a) A dorsal view of the model showing in situ morphology of ovary (O) in 
cephalothorax; (b) a ventral view showing the ovary expanding through the segments of the third pair of 
maxillipeds (Ma3) to the second pair of pleopods (Pl2) and the location of thelycum (Th); (c) a lateral view 
showing the locations of oviducts (Od) and genital lobes (GL). 
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Female external genitalia were composed of the thelycum and the genital lobes (Fig. 4.3b 
& c). The thelycum was formed by modified thoracic sternites of the segments of the fourth 
and fifth pairs of pereiopods (Fig. 4.3b). Genital lobes were lobe-like structures on the coxae 
of the third pereiopods and covered the female gonopores (Fig. 4.3c). 
 
4.4.2 Petasma  
 
As the most conspicuous male external reproductive structure, the petasma was formed by 
the combination of two modified endopods of the first pair of pleopods (Fig. 4.4a). When the 
abdomen of the male prawn was extended horizontally, the anterior petasma was located in 
a region between the two genital papillae (Fig. 4.4a). Each half of the petasma was 
composed of a chitinous stiffened ventral costa and a membranous median lobe (Fig. 4.4b, 
c, e, & f). The anterior ventral costae curved anterodorsally and the tips of ventral costae 
were hidden behind the merged median lobes (arrows in Fig. 4.4b & e), while the posterior 
ventral costae connected to the coxae of the first pair of pleopods via the region depicted by 
the arrow in Fig. 4.4c. Median lobes of petasma joined together on the dorsomedial 
longitudinal line of the petasma (the dashed line in Fig. 4.4d). Based on our observations of 
the live animal the ventral aspect of the petasma could be opened or closed when the 
median lobes were stretched laterally or pushed ventromedially by the first pair of pleopods. 
During the “opening-closing” process of petasma, the dorsal longitudinal ridges (the arrow 
in Fig. 4.4f) of dorsal median lobes acted as the hinges which limited the rotating angles of 
median lobes to a lateral and ventromedial movement.  
 
Two median lobes of the petasma were “hooked” together by the numerous “zipper-like” 
cincinnuli (Fig. 4.5a). The cincinnuli were specially modified setae embedded in the 
dorsomedial edges of the median lobes. Each cincinnulus had an anchor-like distal tip and 
a slightly bent shank that had an undulating surface proximally (Fig. 4.5b). The orientation 
of the anchor-like tips of cincinnuli ensured the two median lobes could be effectively 
interlocked with each other when they were closely apposed. Small pores were also 
detected on the cuticular surface of the inwardly curved ventral costae of the anterior 
petasma (Fig. 4.5c). On a closer observation of the ventral aspect of petasma, the tips of 
ventral costae could be seen hidden under the anterior region of the combined median lobes 
and the ventrolateral surface of each median lobe was covered by many large “spike-like” 
setae (Fig. 4.5d & e). Each tip of ventral costa had a “sharpened point” (the solid white arrow 
in Fig. 4.5f) oriented towards the longitudinal medial line of the petasma and a slightly more 
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proximal, blunted area (the hollow white arrow in Fig. 4.5e) covered by many minute “spike-
like” setae. The large “spike-like” setae on the ventrolateral surfaces of median lobes and 
minute “spike-like” setae were all orientated anteriorly (Fig. 4.5e & f).   
 
 
Figure 4.4: Morphology of petasma in Penaeus monodon. (a) A macrograph showing genital papillae (GP) 
between the coxae of the fifth pair of pereiopods (Pe5), petasma (P) on the first pair of pleopods (Pl1) and 
appendices masculinae (AM) on the second pair of pleopods (Pl2); (b) an anterior view of the Micro-CT 
reconstructed model of petasma showing the anterior region of ventral costa (VC) and the lateral region of 
median lobe (ML), the solid white arrow indicates the location of tips of ventral costae; (c) a posterior view 
showing the posterior region of ventral costa (VC) and the region where the ventral costae and the coxae of 
the first pair of pleopods are connected (the solid white arrow); (d) a dorsal view showing the dorsomedial 
longitudinal line of petasma (the dashed line); (e) a ventral view showing the anteriorly curved tips of ventral 
costae (VC) hidden behind the merged median lobes (the solid white arrow); (f) a lateral view showing the 
dorsal longitudinal ridges (the solid white arrow) of median lobe (ML).  
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Figure 4.5: Fine morphology of petasma in Penaeus monodon. (a) a SEM image with low magnification 
showing the ventral costa (VC) and the cincinnuli (C) on the median lobe at the anterodorsal region of petasma; 
(b) fine morphology of the cincinnuli; (c) small pores on the cuticular surface of the inwardly curved ventral 
costa; (d) a SEM image with low magnification showing the tips of ventral costae (TVC) and large spike-like 
setae (LSS) at the anteroventral region of petasma; (e) fine morphology of the large spike-like setae; (f) 
“sharpened point” (the solid white arrow) and minute spike-like setae (MSS) on the blunted region (the hollow 
white arrow) of the tip of ventral costa.  
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4.4.3 Appendix masculina  
 
The appendices masculinae were oval and flattened protuberances on the endopods of the 
second pair of pleopods (Fig. 4.2b, 4a & 6a). There were two types of setae on the peripheral 
edge of appendices masculinae (Fig. 4.6a): (1) “spike-like” setae (the solid white arrow in 
Fig. 4.6b) and (2) ramified setae (the hollow white arrow in Fig. 4.6b). The “spike-like” setae 
on the appendices masculinae were thickened and positioned anteriorly; each of them was 
composed of a smooth tapering section distally and a striated thick section proximally (Fig. 
4.6c). In comparison, the ramified setae on appendices masculinae were slender and 
located posteriorly; each of them possessed two parallel lines of slightly curved minute 
scale-like projections (Fig. 4.6d).  
 
 
Figure 4.6: Fine morphology of appendix masculina in Penaeus monodon. (a) a SEM macrograph of an 
appendix masculina; (b) spike-like setae (the solid white arrow) and ramified setae (the hollow white arrow) on 
appendix masculina; (c) fine morphology of the spike-like setae on appendix masculina; (d) fine morphology 
of the ramified setae on appendix masculina.  
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4.4.4 Genital papilla  
 
The genital papillae were distended cuticular membranes on the male thoracic sternite 
between the coxae of the fifth pair of pereiopods (Fig. 4.7a), which functioned as opercula 
to the gonopores. The gonopores were “slit-like” medially-facing openings on genital papillae 
and functioned as the external release sites for the spermatophores (the arrows in Fig. 4.7a). 
During the initial stages of “electro-ejaculation”, the anterior portions of the spermatophores 
pushed against each other, resulting in their rotation and sliding into a position whereby one 
spermatophore came to rest slightly forward, and the other backward, in the groove between 
genital papillae (Fig. 4.7b). As the ejection of spermatophores progressed, two 
spermatophores were compressed together and forced out of the gonopores simultaneously 
(Fig. 4.7c). After the ejection, the spermatophores were still adhered to genital papillae as a 
portion of the spermatophores still remained within the terminal ampullae (Fig. 4.7d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 (next page): Ejection of spermatophores during the electrically stimulated ejaculation in Penaeus 
monodon. (a) A macrograph showing the location of gonopores (the black arrows) on the genital papillae (GP) 
between the coxae of the fifth pair of pereiopods (Pe5); (b) morphology of ejected spermatophores in the early 
stage of electrically stimulated ejaculation; (c) morphology of ejected spermatophores in the mid stage of 
electrically stimulated ejaculation; (d) morphology of ejected spermatophores in the late stage of electrically 
stimulated ejaculation. 
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4.4.5 Thelycum  
 
The female thelycum was composed of modified thoracic sternites located between the 
coxae of the fourth and fifth pairs of pereiopods and posterior to the genital lobes on the 
coxae of the third pair of pereiopods (Fig. 4.8a). The thelycum consisted of outer cuticular 
plates and an internal lining of epithelia. The outer cuticular plates were comprised of an 
anteromedial plate and two lateral plates (Fig. 4.8b), while the majority of the internal lining 
was located directly beneath the lateral plates (Fig. 4.8c). The spermathecae (seminal 
receptacles) were anatomically composed of two concavities located between the lateral 
plates and the internal lining (Fig. 4.8d), where the spermatophores were presumably 
received and stored.  
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Figure 4.8: Morphology of female genitalia in Penaeus monodon. (a) A macrograph showing genital lobes (GB) 
on the coxae of the third pair of pereiopods (Pe3) and thelycum (Th) between the coxae of the fourth and fifth 
pairs of pereiopods (Pe4 and Pe5); (b) a ventral view of Micro-CT reconstructed female thelycum showing the 
anteromedial plate (AP) and the lateral plates (LP); (c) a ventral view showing the thelycal internal lining (IL) 
of epithelia and two spermathecae (ST) beneath two lateral plates of thelycum; (d) a posterior view showing 
the spermathecae (ST) as two concavities between the internal lining (solid purple) and the lateral plates 
(translucent red) of thelycum.  
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4.5 Discussion  
 
In penaeoid prawns, the external genitalia primarily refer to the male petasma and female 
thelycum. The petasma has been assumed to be associated with the transfer of the 
spermatophores to the female thelycum (Bauer, 1991). There are two types of petasmata: 
(1) the open petasma and (2) the semi-closed petasma (Bauer, 1991; Burkenroad, 1934; 
Farfante, 1969; Kubo, 1949; Vereshchaka et al., 2017). For the open petasma, two plate-
like halves of petasma cannot be closed, whereas for the semi-closed petasma, the two 
inwardly curved halves are inclined to join ventromedially. Correspondingly, there are also 
two types of thelyca: (1) the open thelycum and (2) the closed thelycum. The open thelycum 
consists of sternal protuberances or grooves where the spermatophores can be adhered, 
while the closed thelycum is composed of an elaborated sternal invagination where 
spermatophores can be deposited. For the superfamily Penaeoidea, of the suborder 
Dendrobranchiata, the open petasmata and the open thelyca are regarded as primitive 
characters and these can also be found in the families of Aristeidae, Solenoceridae and the 
subgenus Litopenaeus of the family Penaeidae, whereas the semi-closed petasmata and 
the closed thelyca are considered to be more advanced characters and these exist in the 
families of Sicyoniidae and the Penaeidae (excluding the subgenus Litopenaeus) (Bauer, 
1986). Benthesicymidae is regarded to be in a transitional state, as the species in this family 
possess an open petasma and a closed thelycum with a single spermatheca (Vereshchaka 
et al., 2017). The highest structural complexity of external genitalia in prawns is exhibited as 
a semi-closed petasma with terminal spouts and a closed thelycum with paired 
spermathecae (seminal receptacles), such as in the family Sicyoniidae and the subgenera 
Trachypenaeus and Xiphopenaeus of the family Penaeidae (Bauer, 1986; Fransozo et al., 
2011).  
 
The petasma of P. monodon belongs to the semi-closed type with flexible median lobes and 
rigid ventral costae, with the corresponding thelycum of the female being of the closed type 
with paired spermathecae. The external genitalia of P. monodon are similar to those 
observed in the subgenus Farfantepenaeus (Bauer, 1991). While the semi-closed petasma 
in the subgenera of Penaeus and Farfantepenaeus is more flexible than the semi-closed 
petasma in Trachypenaeus and Xiphopenaeus (Bauer, 1986; Fransozo et al., 2011), the 
interspace between the petasmal halves in the former semi-closed type is more compressed 
than that of the flexible open petasma in Litopenaeus (Bauer, 1991). 
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Despite the external genitalia being highly diversified in structure, the mating behaviour of 
all penaeoid species appears consistent and composed of four-stages: (1)  approaching, (2) 
probing, (3) embracing and (4) flexing (Misamore and Browdy, 1996). In the approaching 
stage, a male swims or crawls close to a newly moulted female intending to position himself 
underneath the female. The female may reject or accept the approaching male, while the 
male keeps chasing the female as closely as possible and competing with other males to 
secure her. In the probing stage, the male keeps his position below the female and at the 
same time uses his antennules to examine the ventral surface of the female while swimming 
in a parallel position. In the embracing stage, the male turns itself upside down and uses his 
pereiopods to grasp the female in a thorax-to-thorax position. Finally, in the flexing stage, 
the male firstly rotates his body from 20 to 90 degrees by abducting the pereiopods, then 
curls his abdomen around the thoraco-abdominal junction of the female, quickly flexing his 
body several times (presumably ejaculating) before disengaging from the female.  
 
Based on observations of morphology of external genitalia and mating behaviour, Motoh 
(1981) hypothesised the working mechanism of the external genitalia in P. monodon as 
follows: (1) in the probing stage, the two halves of the petasma are separated via the 
unzipping of the interlocked cincinnuli on the median lobes of the petasma by the anterior 
spike-like setae of the appendices masculinae; (2) shortly after, the inwardly curved tips of 
the ventral costae of the separated petasmal halves puncture into the slits of the gonopores 
for “tearing up” the terminal ampullae and discharging the spermatophores; (3) in the 
embracing stage, the stiff ventral costa of the petasma acts as a lever for opening up the 
narrow grove between the anterior plate and the lateral plate of female’s thelycum; (4) finally, 
in the flexing stage, the two petasmal halves combine together as an entirety again and 
squeeze the spermatophores into the prised thelycum as the male turns his body 
perpendicularly and flexes rapidly.  
 
While the hypothesis of Motoh (1981) was an adequate model for the mechanism of the 
external genitalia, novel information from the current and other studies appears to question 
its accuracy. For example, the probing stage in P. monodon takes from 20 minutes to 2 
hours, during which this process is frequently interrupted by the agitated female or from 
competing males (Dall et al., 1990; Primavera, 1979); hence, there is a high risk of losing 
the spermatophores if they were discharged during this stage. The cincinnuli on one side of 
the petasmal median lobes can easily be inserted into those on the other side, whereas they 
should be difficult to separate, as the anchor-like tips of the cincinnuli are interlocked. In 
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addition, the use of the two petasmal halves also tends to synchronise the movement of the 
first pair of pleopods, enhancing the swimming ability for a male in the pursuit of a female 
(Bauer, 1976), so that it is doubtful that the interlocked cincinnuli are unzipped in the probing 
stage. Moreover, the spermatophores can be spontaneously ejected from the gonopores by 
intensive body muscle contraction, so that it is unlikely that additional structures are needed 
for “tearing up” the gonopores and/or releasing the spermatophores. Finally, as the entire 
embracing and flexing stages are very rapid, lasting only a few seconds (Primavera, 1979), 
this would appear to be consistent with only a very brief period of genitalia engagement.  
 
We propose a parsimonious working mechanism for the external genitalia in P. monodon 
directly associated with the transfer of the spermatophores at the flexing stage. The brief 
moment of the embracing and flexing stages is the only window of opportunity for the 
engagement of the male and female external genitalia in the ventral thorax-to-thorax 
orientation, so that a complicated interaction of the external genitalia could potentially 
compromise the efficiency of spermatophore transfer. In addition, the embracing stage, as 
a preparatory stage for body rotation and curling in the flexing stage, can be entirely 
managed by the pereiopods (Misamore and Browdy, 1996), while the release and transfer 
of the spermatophores should take place in the flexing stage due to the obvious intense 
muscle contraction, which has not only been observed during copulation (Marsden et al., 
2013; Primavera, 1979) but which was also seen in the current study during the electro-
stimulated ejaculation of  spermatophores.  
 
With the assistance of the reconstructed 3D models from Micro-CT, it was possible to 
virtually simulate the mechanism of the external reproductive structures involved in the 
transfer of spermatophores during the flexing stage of mating behaviour (Fig. 4.9 and see 
the animated video at https://youtu.be/lz0qwxy17kQ). After rotating perpendicularly and 
curling around the female, the male P. monodon flexes his abdomen repeatedly for several 
times before leaving the female. We postulate that for each repeated cycle, the movement 
of the petasma and appendices masculinae (AM) follows the same three-step process: (1) 
when the male body is in a less arched position, the petasma is compressed into the gap 
between the genital papillae (GP) and the AM temporarily retracted from the petasma (Fig. 
4.9a); (2) as the male keeps flexing its body, the petasma, AM and GP move closer together, 
in the directions indicated by the coloured arrows in Fig. 4.9b and (3) when the male clutches 
the female tightly, the anterior petasma and the AM respectively press against the two lateral 
plates of the thelycum and the space between ventral sides of the male and the female is 
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highly compressed (Fig. 4.9c). Meanwhile, in the first step, when the spermatophores begin 
to exit the gonopores of GP, the pair collide and rotate to the anterior-caudal position within 
the confines of GP and slide to fit in the narrow ventromedial space between GP (Fig. 4.9a). 
In the second step, the spermatophores are entirely expelled and lodge neatly into the 
slightly opened ventromedial groove of the petasma following the directions of the hollow 
white arrows in Fig. 4.9b. In the final step, the spermatophores are squeezed into the 
openings between the anteromedial plate and the two lateral plates of the thelycum by the 
compressing of the petasma and AM (Fig. 4.9c). During the transfer of the spermatophores, 
the tips of the ventral costae on the anterior part of the petasma, the “spike-like” setae on 
the ventral surface of the petasmal median lobes, and the “spike-like” setae on the anterior 
periphery of AM, effectively prevent the dislodgement of the spermatophores. In addition, 
the flexing cycle is repeated several times, presumably ensuring that the spermatophores 
are completely released from the petasma and appropriately lodged into the spermatheca 
of thelycum.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 (next page): Simulation of the mechanism of spermatophore transfer by the external genitalia in 
Penaeus monodon using Micro-CT reconstructed models (see the full animation at 
https://youtu.be/lz0qwxy17kQ). (a) the positions of petasma (P), appendices masculinae (AM), genital papillae 
(GP), thelycum (Th) and genital lobes (GL) at the initial stage of spermatophore (Sp) ejection; (b) the moving 
direction (the arrows) of the interacting male and female external genitalia after the ejection of spermatophores; 
(c) the positions of the male and female external genitalia after the completion of spermatophore transfer.  
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In our hypothesised mechanism of external genitalia interaction in the black tiger prawn, the 
petasma functions like a “scoop”, cradling the released spermatophores and then pressing 
them into the openings of thelycum; meanwhile, the setae on the tip of petasma prevent the 
spermatophores from being dislodged anteriorly, and the setae on the appendices 
masculinae stop the spermatophores from being forced out posteriorly. This hypothesis is 
also supported by the early study of Burkenroad (1934) in Litopenaeus setiferus, where the 
petasma was presumed to be acting as a “cradle” that the spermatophores would perfectly 
fit into. As mating usually takes place between the postmoult female and the intermoult male, 
the softness of thelycum in the newly moulted female presumably facilitates the insertion of 
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spermatophores by the physically stiffened petasma and appendices masculinae of the 
male.  
 
Future studies should focus on improving the simulation using more sophisticated models 
and animations in association with the morphological dynamics of spermatophores, the 
actions of pereiopods and pleopods, and even the movement of the whole bodies of the 
male and female. A comprehensively established system of model simulation can be more 
effective at exploring alternative hypotheses of functional anatomy for the external genitalia 
and/or appendages in penaeoid species or other crustaceans more generally.  
 
4.6 Conclusion  
 
This study has revealed that Micro-CT can be used to create the 3D models of the external 
and internal structures for penaeoid species. We propose that reconstructed 3D models are 
more instructive and realistic in the demonstration of anatomy and topography than 
traditional diagrams. More importantly, when combined with fine scale anatomy provided by 
SEM, they can also provide an opportunity for the virtual simulation of the action of animal 
structures that are difficult to observe directly. In this study, the coital interaction between 
external genitalia of P. monodon was simulated using the 3D models.  
 
By manipulations of these models, we propose that the released spermatophores are 
installed into the groove of petasma and then squeezed into the spermathecae of the 
thelycum during the rapid flexing of the curled abdomen of the male prawn. An 
understanding of the mechanical mode of the spermatophore delivery in Penaeus monodon 
can be applied to the development of improved artificial insemination procedures in the 
assisted breeding of this species or other penaeoid species; for example, tailoring the design 
of an insemination tool. 
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Chapter 5: Three-dimensional reconstruction of black tiger prawn 
(Penaeus monodon) spermatozoa using serial block-face scanning 
electron microscopy  
 
5.1 Abstract  
 
Serial Block-Face Scanning Electron Microscopy (SBF-SEM) was used in this study to 
investigate the ultrastructural morphology of Penaeus monodon spermatozoa. SBF-SEM 
provides a large dataset of sequential electron-microscopic-level images, which facilitates a 
comprehensive ultrastructural observation and three-dimensional reconstruction of the 
sperm cells. It revealed that the nuclear region of the spermatophoral spermatozoon, which 
is filled with decondensed chromatin, have two levels of packaging density. In addition, the 
nuclear region contains not only numerous filamentous chromatin elements with dense 
micro-regions but also large centrally gathered granular masses. The analysis of the sperm 
cytoplasm showed that the degenerated mitochondria and membrane-less dense granules 
are the remaining organelle-derived structures. A large electron-lucent vesicle and “arch-
like” structures are apparent in the subacrosomal area, and an acrosomal core is found in 
the acrosomal vesicle. The spermatozoal spike arises from the inner membrane of the 
acrosomal vesicle, which is enlarged in the center of acrosomal vesicle, and then extends 
distally through the dense plate. This study has demonstrated that SBF-SEM is a powerful 
technique for the 3D ultrastructural reconstruction of prawn spermatozoa, which will be 
informative for the studies of sperm assessment, reproductive pathology and phylogeny of 
penaeid prawns and other decapod crustaceans.  
 
5.2 Introduction  
 
Morphological studies of decapod crustacean spermatozoa have been used extensively to 
investigate the phylogeny of this taxon, in a branch of male reproductive biology known as 
“spermiocladistics” or “spermiotaxonomy” (A. Braga et al., 2013; Jamieson, 1991; Jamieson 
and Tudge, 2000; Medina, 1995; Tudge, 2009). Description of the sperm morphology for 
farmed crustacean species is also important for the assessment of normal male reproductive 
performance in aquaculture systems (Alfaro-Montoya, 2010). Despite a high degree of 
interspecific morphological diversity among the mature sperm cells of decapod crustaceans, 
some characteristics of this group are highly conserved and apomorphic (Jamieson and 
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Tudge, 2000; Medina, 1995). Tudge (2009) summarized the unique features of decapod 
spermatozoa which include: (1) being immobile due to the lack of flagella and the 
degeneration or disappearance of mitochondria; (2) an acrosome considered to be derived 
from endoplasmic-reticulum-vesicles rather than Golgi-derived; (3) a nucleus which is 
relatively decondensed and scattered, with filamentous heterogeneous chromatin fibers, 
that contain (4) an unique nuclear protein (“decapodine”) not belonging to any other common 
category of sperm nuclear basic proteins.  
 
Decapod spermatozoa can be subdivided into three categories based on their morphology; 
(1) unistellate spermatozoa in the families of Palaemonidae (Poljaroen et al., 2010), 
Pandalidae (Kim et al., 2003), Sicyoniidae (Shigekawa and Clark, 1986) and Penaeidae 
(Medina, 1995; Medina et al., 1994); (2) multistellate spermatozoa of the Astacidae (H. 
Niksirat et al., 2013), Portunidae (Jamieson and Tudge, 1990), and Palinuridae (Tudge et 
al., 1998); and (3) appendage-less spermatozoa typically found in the Sergestidae (Scelzo 
and Medina, 2004) and Aristeidae (Medina, Garcia-Isarch, et al., 2006; Poljaroen et al., 
2010). The unistellate spermatozoon of Penaeidae within in the suborder Dendrobranchiata 
is composed of a spherical, bulged or elongated main body and a single extending spike or 
appendage (A. Braga et al., 2013). While there are several descriptive studies of the sperm 
in penaeid prawns, e.g. Penaeus japonicus, Penaeus kerathurus, Penaeus setiferus, 
Penaeus vannamei, and Penaeus aztecus (A. Braga et al., 2013; Medina, 1995; Medina et 
al., 1994), no specific report has been published on the ultrastructure of Penaeus monodon 
spermatozoa, except for a brief description of the spermatozoon during observations of 
acrosome reaction (Pongtippatee et al., 2007). Given the importance of P. monodon to the 
Australian and world prawn aquaculture industry (Norman-Lόpez et al., 2016) and the 
inefficiency of current sperm assessments (Arnold et al., 2012), this lack of basic sperm 
morphological description is surprising, as such information provides the basis for 
assessments of male fertility and for evaluating the effect of testicular perturbation and 
procedures associated with sperm preservation. 
 
Serial block-face scanning electron microscopy (SBF-SEM) is a relatively new technique in 
the field of electron tomography (Denk and Horstmann, 2004; Hughes et al., 2014). For this 
procedure, a large dataset of serial electron-microscopic-level images is acquired by means 
of automatic trimming and scanning the surface of plastic-embedded sample block to create 
three-dimensional (3D) models of cellular or subcellular structures. SBF-SEM typically 
overcomes insufficiencies in the spatial information acquired through standard transmission 
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electron microscopy and the lack of internal visualization associated with scanning electron 
microscopy. In this study, we reconstructed the spermatozoa of P. monodon into 3D models 
via SBF-SEM. We revealed how this technique facilitates a novel documentation of sperm 
ultrastructures, and discussed how it may be used to examine the morphological changes 
during sperm maturation, capacitation and fertilization; such data is valuable in 
spermiocladistic studies and the development of sperm quality assessments for decapod 
crustaceans.  
 
5.3 Materials and Methods  
 
5.3.1 Animal and sample collection 
 
P. monodon (Fabricius, 1798) reared in research ponds at the Bribie Island Research 
Center, (Queensland Department of Agriculture and Fisheries, Australia) were the progeny 
of wild-caught broodstock and sourced from a local commercial prawn hatchery. Twenty 4 
month old male prawns were sampled during the peak of the breeding season (March 2014) 
and one of them (weight 41.7 g and body length 18.5 cm) was selected for this experiment. 
After being euthanised in ice slurry for 10 min (Thompson et al., 2010), the entire 
reproductive tract of the animal was carefully dissected under a stereomicroscope and then 
quickly immersed in the crustacean reproductive fixative [2.5% glutaraldehyde (v/v), 2% 
paraformaldehyde (v/v) in 0.1 M sodium cacodylate buffer with 5% sucrose (w/v), pH 7.4; 
(Ro et al., 1990)]. The sample was then stored in a 4 °C refrigerator for 24 h to allow fixative 
infiltration. To obtain the sperm mass for analysis, the wall of terminal ampullae were 
removed with fine-tip scissors and forceps in a 30 mm glass petri dish with 10 mL of 
cacodylate buffer. The sperm masses within the spermatophore were subsequently 
released and cut into approximately 1-mm3 cubes.  
 
5.3.2 Serial Block-Face Scanning Electron Microscopy (SBF-SEM)  
 
Pieces of the sperm mass were washed in cacodylate buffer, each 3 times for 5 min. To 
acquire better contrast for SBF-SEM, a series of staining procedures were applied as 
follows: 2% osmium tetroxide and 1.5% potassium ferricyanide solution for 60 min, 1% 
thiocarbohydrazide solution for 20 min, 2% osmium tetroxide solution for 30 min, 1% uranyl 
acetate solution overnight at 4 °C and finally a 0.66% lead aspartate solution for 60 min at 
60 °C. The pieces of sperm mass were washed in UHQ water between each staining step. 
 100 
The sample was then dehydrated in an ethanol series (20%, 50%, 70%, 90% and 100%) 
and infiltrated by a durcupan resin series (50%, 75%, and 100%), followed by resin 
polymerization for 48 h at 60 °C. All chemicals, except uranyl acetate, were purchased from 
ProSciTech Pty Ltd, Australia; uranyl acetate was from Electron Microscopy Sciences Inc., 
US. SBF-SEM was conducted on a Zeiss Sigma with Gatan 3View 2XP System in the Centre 
of Microscopy and Microanalysis, University of Queensland, St Lucia Campus. The 
specimen was prepared for sample mounting and loading according to the 3View protocol 
as described by Starborg et al. (2013). For this study, the settings for the 3View operation 
were as follows: operating voltage = 2.5 kv, aperture = 30 µm, cut thickness = 50 nm, 
sections = 500, and magnification = ×5000 (pixel size = 8.7 × 8.7 nm).  
 
5.3.3 Image processing and analyzing  
 
The 3D reconstruction of 9 randomly selected spermatozoa was conducted using open-
source Fiji (Schindelin et al., 2012) and IMOD (Kremer et al., 1996) software. Fiji was applied 
for selecting and cropping regions of interest that covered an entire single spermatozoon in 
the primary image stack from SBF-SEM. Fiji was also used for image alignment using the 
plug-in “Registration”; the brightness/contrast of some poorly captured images was 
adjusted, and the electron-density of selected regions was analyzed in terms of their “grey 
value”. Normally, a spermatozoon of P. monodon would be expected to be contained within 
approximately a 140-200 sequential image stack (7-10 µm). The IMOD software had a 
function named “reslice”, which could virtually re-section the image stack and re-capture 2D 
images from a favorable angle. 
 
To establish the 3D model for each spermatozoon, we followed the users’ instructions for 
the IMOD software by Starborg et al. (2013). Membrane-bounded structures, such as the 
main body of the sperm, mitochondria, and the acrosomal complex, were contoured using 
the “Drawing Tool” and “Interpolator” plug-ins and then rendered in the “Model View” window 
of IMOD. Chromatin and other components in the nuclear region were reconstructed by the 
“isosurface” function in selected nuclear regions. Volumetric values of 3D structures were 
calculated using the command “imodinfo”, while sperm length, defined as the longest axis 
of sperm model (including the main body and spike), was calculated using the plug-in 
“Measurement” in IMOD. The volumes of reconstructed models were reported as mean ± 
SD and plotted using the “ggplot2” package (Wickham, 2009) in a statistical R computing 
environment (R Core Team, 2015).  
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5.4 Results  
 
5.4.1 General sperm morphology  
 
The P. monodon spermatozoon is composed of a main body and a spike (Fig. 5.1A, B) and 
measured a total mean (± SD) length of 11.00 ± 3.67 µm (n = 9). The spherical main body 
has an average volume of 113.56 ± 8.66 µm3 and is composed of two compartments, a 
nuclear region and an acrosomal complex. The decondensed nuclear region has a mean 
volume of 75.17 ± 7.15 µm3 and occupies the majority of main sperm body. The nuclear 
region is filled with numerous filamentous strands of chromatin and other electron-dense 
granular materials. A thin layer of cytoplasm resides at the periphery of main body between 
the nuclear region and the plasma membrane. Two distinguishing structures are found in 
the cytoplasm, the degenerated mitochondria with a mean volume of 0.076 ± 0.0052 µm3 
and the membrane-less dense granules. The acrosomal complex includes an acrosomal 
vesicle, a subacrosomal area and the basal region of the spike. The subacrosomal area is 
between the acrosomal complex and the chromatin. In the acrosomal vesicle, the acrosomal 
core, which has a volume of 2.14 ± 0.13 µm3, is attached to a basal expansion (bulge) of 
the spike, and a flocculent matrix fills the remaining interior of the acrosomal vesicle. The 
rigid, elongated sperm spike has a length of 4.61 ± 0.30 µm and a volume of 2.44 ± 0.12 
µm3; it extends distally from the acrosomal vesicle and terminated into a sharp point.  
 
5.4.2 Nuclear region  
 
The sperm nucleus of P. monodon is not bound within a nuclear membrane and therefore 
herein is referred to as the “nuclear region”, rather than a “nucleus”. Spermatozoa collected 
from spermatophores can be divided into two categories depending on the density of the 
nuclear region: (1) those with a non-compact nuclear region (Fig. 5.2A) and (2) those with a 
compact nuclear region (Fig. 5.2B). The compactness was defined by the average grey 
value of nuclear region detected on the unadjusted images, in which the compact nuclear 
region has a much lower grey value than the non-compact ones. Chromatin elements within 
this nuclear region are scattered in a configuration of granular and/or filamentous networks. 
Each chromatin filament is not just a single thin thread but possesses one or several heavily 
stained micro-regions (see the arrows in Fig. 5.2A). Although the chromatin filaments fill the 
most of the nuclear region, the large granular masses with moderate electron-density are 
also observed in the central nucleoplasm (see the arrowheads in Fig. 5.2A, B). The electron-
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density of these masses is similar to components of the acrosomal core within the acrosomal 
vesicle. The majority of these granular masses coalesce into a larger volume in the center 
of the nuclear region (see the arrowhead in Fig. 5.2C), while the remainder of this material 
is organised as the periphery branches around the central large assembly (see the arrows 
in Fig. 5.2C). The spermatozoon with a compact nuclear region contains small electron-
lucent regions that can be seen close to the depressed regions of granular masses (see 
arrows in Fig. 5.2B).  
 
 
Figure 5.1: General morphology of the P. monodon spermatozoon in the spermatophore. (A) Sagittal section 
of a spermatozoon showing the nuclear region (Nu), the acrosomal vesicle (AV), the subacrosomal area (SubA) 
and the spike (S); (B) 3D reconstruction and segmentation of the corresponding spermatozoon revealed the 
plasma membrane of the main body (magenta), chromatin and other components in the nuclear region (gold), 
the spike (S; cyan), the acrosomal core (AC; orange), and the degenerated mitochondria (Mi; green). 
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Figure 5.2: The chromatin and central granular masses in the nuclear region of the P. monodon spermatozoon. 
(A) The difference between the spermatozoa with non-compact (left) or compact (right) nuclear region; (B) A 
spermatozoon showing numerous chromatin filaments with the dense micro-regions (arrows) and the central 
granular masses (arrowheads) amongst the non-compact nuclear region; (C) The arrows indicate the small 
vesicles in depressions of the central granular masses (arrowheads) in a sperm cell with a compact nuclear 
region; (D) 3D reconstructed central granular masses in the nuclear region revealed its central large-volume 
assembly (arrowhead) and peripheral branches (arrows) – note that the horizontal plane is the X-axis of the 
image stack, whereas the vertical plane is the Y-axis of image stack. 
 
5.4.3 Cytoplasmic organelle-derived structures  
 
P. monodon spermatozoa are characterized by possessing only a limited amount of 
cytoplasm between the plasma membrane and nuclear region. The most conspicuous 
organelle-derived structure in the sperm cytoplasm are the degenerated mitochondria that 
possess few definable cristae or in most cases, no cristae at all (see arrows in Fig. 5.3A). 
These ovular degenerated mitochondria typically cluster at the periphery of nuclear region 
(see the green ovular objects in Fig. 5.3B). In some cases, singular or multiple processes 
on the surface of main body of the sperm are caused by the displacement from the 
underlying degenerated mitochondria (see the arrow in Fig. 5.3C and green ovular objects 
in Fig. 5.3D). The number of degenerated mitochondria in different investigated individual 
sperm cells can be 5, 7, 9 or even 13 and their median volume ranges from 0.04 to 0.12 
µm3. The volume of individual mitochondria is consistent in some spermatozoa (e.g. sperm 
No. 2, 3 and 9) but variable in others (sperm No. 5 and 8; Fig. 5.4).  
 
Other sub-cellular structures found in the cytoplasm of sperm are the membrane-less dense 
granules (Fig. 5.5). Each granule has a dense central core and surrounding electron-lucent 
space. Groups of dense granules are occasionally observed gathering in the peripheral 
region of the cytoplasm (see the arrow in Fig. 5.5A) or less commonly in the nuclear region 
(see the arrow in Fig. 5.5C). The boundary of these granules is ill-defined and difficult to be 
contoured for modelling so it is not possible to create 3D models for these structures.  
 
 
 
 
Figure 5.3 (next page): The degenerated mitochondria in the cytoplasm of the P. monodon spermatozoon. (A) 
Degenerated mitochondrion (arrow) possessed no evidence of cristae; (B) Degenerated reconstructed 
mitochondria (green oval 3D objects) were located at the peripheral region of the sperm cytoplasm, between 
the nuclear region (yellow mass) and the membrane of main body (magenta points); (C) & (D) Processes 
(arrow in panel C) on the surface of the sperm main body were caused by projections of underlying 
degenerated mitochondria (green ovals in panel D) - magenta layer is the cytoplasm membrane and gold mesh 
is the nuclear material. 
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Figure 5.4: Box-whisker plot of the volumes of degenerated mitochondria in nine 3D reconstructed P. monodon 
spermatozoa. The mean is represented by the solid horizontal line and the standard error of mean by a dashed 
horizontal line. Symbol “*” in each green box is the mean of mitochondrial volumes in each spermatozoon. 
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Figure 5.5: The membrane-less dense granules in the cytoplasm of the P. monodon spermatozoon. (A) A group 
of membrane-less dense granules (arrow) can be seen gathered at the periphery of the main sperm body; (B) 
Cross section of the same group of membrane-less dense granules in panel A shows its dense central core 
and surrounding electron-lucent space; (C) Large membrane-less dense granules (arrows) were occasionally 
scattered within the sperm nuclear region; (D) Small dense membrane-less granules (arrow) were located at 
the periphery of the sperm main body.  
 
5.4.4 Acrosomal complex  
 
The acrosomal complex of P. monodon spermatozoon is composed of a subacrosomal area, 
an acrosomal vesicle and the basal region of spike (Fig. 5.6). The subacrosomal area is 
delineated as a concave space between the nuclear region and acrosomal vesicle and is 
filled with fine granular materials (Fig. 5.6B, C). The electron-density of subacrosomal area 
is similar to that of the acrosomal core of spermatozoa with a compact nuclear region (Fig. 
5.6B, C), while it is similar to or slightly more electron-lucent than the density of acrosomal 
vesicle in the spermatozoa with a non-compact nuclear region (Fig. 5.6D). Occasionally a 
large electron-lucent vesicle is detected in the dense subacrosomal area (see the 
arrowheads in Fig. 5.6B, C). The acrosomal vesicle is filled with flocculent components and 
its density is only slightly greater than that of the nuclear region. The spike has a horn-like 
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appearance (Fig. 5.6A, E) and consists of numerous homogeneous fine granules of high 
electron-density. The spike has three regions, which include an open, enlarged proximal 
region, a bulged mid region and a tapering distal region (Fig. 5.6A); all the parts of spike are 
contained within the acrosomal vesicle. The enlarged proximal region of spike is continuous 
with the internal membrane of acrosomal vesicle, delineating the subacrosomal area from 
the acrosomal vesicle. It should be noted that the “arch-like” structures are sometimes 
observed projecting from the concave surface of spike’s proximal region in the 
subacrosomal area (see the arrows in Fig. 5.6D, E). These “arch-like” structures have the 
same electron-density as the spike itself. The mid region of the spike is surrounded by the 
acrosomal core and a layer of flocculent material, the electron-density of which is between 
that of the spike and the acrosomal vesicle (Fig. 5.6B, C). The mid and distal regions of the 
spike are divided by the electron-dense plate (see the arrow in Fig. 5.6C). This dense plate 
is where the mid spike begins to narrow and extends outward from the sperm main body; 
and is composed of the materials with the highest electron-density in the spike.  
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Figure 5.6: The acrosomal complex of the P. monodon spermatozoon. (A) The 3D model of the hollow 
thumbtack like spike (cyan) consisted of the proximal region (PR), the mid region (MR) and the distal region 
(DR). The spike emanates in the acrosomal vesicle (magenta points) and the mid region is surrounded by the 
acrosomal core (transparent orange layer); (B) & (C) TEM-like cross and sagittal sections of the acrosomal 
vesicle (AV) showing the locations and respective ultrastructure of the acrosomal core (AC), the subacrosomal 
area (SubA), the large electron-lucent vesicle (arrowhead) in the subacrosomal area and the dense plate 
(arrow); (D) & (E) “Arch-like” structures (arrows) arose from the posterior edge of the proximal region of the 
spike and projected into the subacrosomal area; the abbreviations are the same as shown in the panel A, B 
and C. 
 
5.5 Discussion  
 
Spermatozoa of P. monodon possess all the typical characteristics of penaeid unistellate 
spermatozoa, including a single rigid spike, a spherical main body, uncondensed chromatin, 
the absence of a nuclear envelope, and degenerated organelles contained within a thin 
cytoplasmic band around the periphery of the nuclear region. Recent studies have also 
revealed significant diversity in sperm ultrastructural morphology between P. monodon and 
other Penaeus species, including Penaeus kerathurus, Penaeus japonicus (Medina, 1995; 
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Medina et al., 1994), Farfantepenaeus paulensis (A. L. Braga et al., 2013), Fenneropenaeus 
chinensis (Ge et al., 2011), Litopenaeus vannamei, Litopenaeus stylirostris and Litopenaeus 
occidentalis (Alfaro et al., 2007). According to A. Braga et al. (2013), penaeid spermatozoa 
can be divided into two groups based on their length; F. chinensis and P. kerathurus have 
short spermatozoa (3.4 – 5 µm), whereas P. monodon and the other penaeid species belong 
to the group with longer spermatozoa (7.9 – 11 µm) where the spike is approximately half of 
the sperm length.  
 
While the decondensed nucleus of the mature spermatozoon is an iconic attribute of the 
decapod sperm cells, our study has found that some spermatozoa also possess a relatively 
dense nuclear region. Sperm maturation of penaeids occurs during sperm transportation, 
storage within the spermatophore, and even after the spermatophore has been transferred 
to female’s thelycum (Alfaro-Montoya, 2010); consequently, the compact nuclear region of 
some sperm cells might be indicative of an intermediate stage of sperm maturation in the 
spermatophore. Further studies are needed to determine the relationship between the 
change in nuclear density and sperm maturation. On 2D TEM-like images, thin fibrous 
chromatin containing one or several high-density micro-regions were scattered in the 
nuclear region. These dark micro-regions may be associated with the unique DNA-
interacting proteins in the decapod sperm nucleus (Kurtz et al., 2009; Kurtz et al., 2008). 3D 
modeling of this matrix in the nuclear region revealed that the chromatin filaments intertwine 
with each other to form a widespread network, which surrounds several central granular 
masses. Similar granular masses have previously been described in P. japonicus, but only 
at the periphery of its sperm nuclear region (Medina et al., 1994). In comparison to 
spermatozoa collected from P. monodon thelycum (Pongtippatee et al., 2007), the chromatin 
of spermatozoa in the spermatophore appeared to be more filamentous and less granular 
and thus the nuclear region appears more electron-lucent. For penaeid prawns, especially 
the close-thelycum species, morphological and compositional changes of spermatozoa 
were believed to be related to their functional alteration after being transferred and stored in 
the thelycum of female, i.e. akin to sperm capacitation (Aungsuchawan et al., 2011; Braga, 
Suita de Castro, et al., 2014). Spermatozoa that had not undergone capacitation were 
reported to have a fairly low acrosome-reaction rate (Alfaro et al., 2003); consequently, 
morphological change during sperm capacitation may be a useful index of sperm quality.  
 
The existence of mitochondria-like structures in penaeid spermatozoa has been confirmed 
in the cytoplasm of P. monodon, P. kerathurus, P. japonicus, F. paulensis and F. chinensis 
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(A. L. Braga et al., 2013; Ge et al., 2011; Medina et al., 1994). The change of mitochondrial 
morphology, especially the degeneration and disappearance of cristae, is presumably 
associated with the corresponding immobile character of the mature sperm cell (Tudge, 
2009). The mitochondria-derived reactive oxygen species is the potential cause for the 
peroxidative damage to the sperm plasma membrane and DNA damage to the mitochondrial 
and nuclear genomes due to the limited ability of antioxidant enzymes in the largely reduced 
cytoplasm of spermatozoa (Baker and Aitken, 2005); therefore, the partial degeneration of 
sperm mitochondria in penaeids may be associated with the prolonging viability of the sperm 
cell in the male terminal ampulla or female thelycum as the decondensed nuclear chromatin 
is less protected by the basic nuclear proteins (Kurtz et al., 2008) and thus more vulnerable 
to the oxidative stress. In this study, we found the projections on the surface of spermatozoa 
appeared to be caused by the presence of underlying mitochondria located between the 
nuclear region and plasma membrane. This phenomenon has previously been reported in 
scanning electron microscopic images of P. japonicus and P. kerathurus spermatozoa 
(Medina et al., 1994). The degenerated mitochondria were often found gathered together in 
the cytoplasm and their number and volume appeared to be variable in different individual 
sperm cells. This quantitative information may be instructive in terms of assessments of 
sperm maturity, phylogeny or studies of pathology in the male and female reproductive tract.  
 
Other cytoplasmic organelle derivatives, smaller membrane-less dense granules, were also 
typically located at the periphery of the main body of spermatozoon but occasionally also 
found in the nuclear region. While these cytoplasmic dense granules exist in all species of 
Penaeus, their origin and function is unknown and will require further observations during 
spermiogenesis (A. Braga et al., 2013). Neither membrane lamella nor microtubules were 
found in the sperm cytoplasm of P. monodon.  
 
The acrosomal complex is the most species-specific structure of penaeid spermatozoa. 
Sandwiched between the nuclear region and the acrosomal vesicle, the shape and inner 
materials of subacrosomal area vary greatly in the different penaeid species. P. monodon, 
F. chinensis, L. vannamei, L. stylirostris, L. occidentalis and P. kerathurus all have a concave 
subacrosomal area, whereas P. japonicus and F. paulensis possess a flat structure (Alfaro 
et al., 2007; A. L. Braga et al., 2013; Ge et al., 2011; Medina et al., 1994). Our study showed 
the subacrosomal area of P. monodon spermatozoa in the spermatophore appeared less 
electron-lucent and flocculent than the capacitated spermatozoa in the thelycum, as noted 
by Pongtippatee et al. (2007). The subacrosomal change of P. monodon during capacitation 
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also coincides with similar observations of sperm capacitation in F. paulensis (Braga, Suita 
de Castro, et al., 2014) and L. vannamei (Alfaro et al., 2007).  
 
The electron-lucent vesicle and the dense arch-like structures in the subacrosomal area 
described in this study have never been reported before. They are possibly associated with 
the synthesis and transportation of nuclear proteins in the still active sperm nuclear region 
(Ge et al., 2011). The cap-like acrosomal vesicle covers almost half of the surface of the 
main sperm body in L. vannamei, L. stylirostris, L. occidentalis, F. chinensis and P. 
kerathurus, but only about 1/3 in P. japonicus, F. paulensis and P. monodon (Alfaro et al., 
2007; A. L. Braga et al., 2013; Ge et al., 2011; Medina et al., 1994). The acrosomal vesicle 
is filled with flocculent components with a degree of electron-density being somewhere 
between the nuclear region and electron-dense spike; this region has also been reported to 
become more flocculent and electron-lucent following capacitation (Alfaro et al., 2007; 
Braga, Suita de Castro, et al., 2014; Pongtippatee et al., 2007).  
 
Notably, only in P. monodon was a dense acrosomal core detected at the center of 
acrosomal vesicle surrounding the “bulged” basal region of spike. It is speculated that the 
flocculent components in the acrosomal vesicle may be released from the acrosomal core 
according to the change in their texture. These components progressively become more 
disassociated from the inner layer of acrosomal core to become the outer layer and finally 
appear as flocculent as those in the rest of the acrosomal vesicle. Similar to P. japonicus, L. 
vannamei, L. stylirostris and F. chinensis, the spike of P. monodon emnates from the inner 
concave membrane of the acrosomal vesicle. The thin and dense layer of the proximal spike 
expands into a bulged structure in the center of acrosomal vesicle and then gradually 
extends to a tapered end. The dense plate is the transitional region connecting the basal 
region of the spike to the extended distal region and the density of this plate is significantly 
greater than that composing the rest of the spike. An annular structure, which is different 
from this dense plate, has also been reported in the same region of the sperm spike in L. 
vannamei (Alfaro et al., 2007). In addition, the density of the spike appeared to be lower in 
spermatophoral sperm of P. monodon, when it was compared to thelycal capacitated sperm 
(Pongtippatee et al. (2007). A similar pattern of morphological change was also observed 
between non-capacitated and capacitated sperm in F. paulensis and L. occidentalis (Alfaro 
et al., 2007; Braga, Suita de Castro, et al., 2014).  
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This study has demonstrated how SBF-SEM may be applied to construct a detailed and 
comprehensive 3D description of P. monodon sperm ultrastructural morphology. The 
technique has provided novel observations of organelle topography that would be difficult to 
conceptualize using only conventional transmission electron microscopy or scanning 
electron microscopy. The large sequential image dataset enables the discovery of 
uncommon ultrastructures, such as the large electron-lucent vesicles and “arch-like” 
structures found in the subacrosomal area of the sperm cells observed in the current study. 
Additionally, electron tomographic software allows the sperm cell to be digitally re-sectioned 
and thereby viewed from a desired perspective, if the original sectioning direction was not 
ideal for interpretation. This feature is extremely useful for the delineation of irregular-shaped 
structures, such as the acrosomal vesicle and large central granular masses in the nuclear 
region described in this study.  
 
More importantly, the 3D remodeling of sperm ultrastructure using sequential SBF-SEM 
images not only provides accurate and simultaneous visualization of both internal and 
external morphologies, it also allows visualization of the physical distribution and 
organization of cellular subunits within the spermatozoa, such as the degenerated 
mitochondria. Furthermore, quantitative values in length, volume and surface area can be 
precisely accessed by the software. Hence we propose that SBF-SEM will also be a useful 
technique for assessing sperm morphological change, in terms of DNA packaging or 
organelle development in the testis during spermiogenesis, sperm maturation during transit 
in the vas deferens, packaging in the spermatophore and storage on the female genital 
region. We also predict that SBF-SEM will be useful in elucidating physiological events such 
as capacitation, acrosome reaction, and sperm-egg interaction during fertilization. The 
results of this study and future application of SBF-SEM on sperm-related mechanisms for 
penaeids or other decapod crustaceans will allow a more informed understanding of what 
constitutes normal sperm morphology and spermatogenesis in this taxon; this is particularly 
important in sperm where traditional measure of sperm quality, such as motility are not 
relevant. 
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Chapter 6: Sperm chromatin dispersion test (SCDt) for the assessment of 
sperm DNA fragmentation in black tiger prawn, Penaeus monodon 
 
6.1 Abstract  
 
The decapod sperm cell possesses no flagellum so that sperm evaluation has been primarily 
limited to the integrity of the plasma membrane and acrosome morphology. More recently, 
andrologists are turning to methods that are capable of assessing sperm DNA quality in an 
attempt to help understand infertility that cannot be explained by traditional sperm 
parameters. This study has successfully validated and applied a sperm chromatin dispersion 
test (SCDt) for the assessment of sperm DNA fragmentation of Penaeus monodon. After 
selecting an appropriate lysing solution, prawn sperm nuclear morphotypes were confirmed 
with respect to their DNA status using the two-tail comet assay. Once the SCDt methodology 
was established, we investigated and compared baseline levels of sperm DNA 
fragmentation (SDF) present in domesticated and wild male broodstock. Additionally, given 
that mature prawn sperm possess relatively uncondensed chromatin, the susceptibility of 
the nucleus to mechanical stress (vortex shearing forces) was investigated in an attempt to 
artificially induce sperm DNA damage. Results revealed that (1) the percentages of SDF 
indicated by the SCDt were strongly correlated (Pearson R2 = 0.989; P = 0.01) with those 
identified using the two-tailed comet assay, (2) mechanical stress associated with vortexing 
did not increase SDF level (p = 0.76) and (3) domesticated male broodstock had a higher 
(P < 0.001) SDF level (6.8 ± 4.5%) than that of the wild male broodstock (3.3 ± 1.5%). This 
study has provided a technique that allows for the assessment of sperm DNA integrity and 
with further development it could be incorporated as a potential index for male prawn fertility 
evaluation. We propose that the SCDt can be considered as one of the male fertility 
parameters in the routine management of male broodstock in prawn aquaculture. 
 
6.2 Introduction 
 
Penaeus monodon was initially the most farmed prawn species worldwide but has been 
gradually replaced by Litopenaeus vannamei within a decade (FAO, 2014). Difficulty in its 
domestication has been a major reason limiting the expansion of P. monodon aquaculture 
(Briggs et al., 2005). While current research in the selective breeding of P. monodon 
domesticated broodstock has made significant progresses in the area of nauplii productivity 
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(Norman-Lόpez et al., 2016), there unfortunately has been a corresponding decline in terms 
of reproductive performance when successive generations are bred in captivity (Arnold et 
al., 2013). While the impact of domestication on female broodstock includes reduced 
maturation success, a lower egg production,, and a decline in the hatching rate (Coman et 
al., 2006), the impact of domestication on male reproduction is still uncertain, as the sperm 
number found in the spermatophore and rate of acrosome reaction of these spermatozoa 
does not appear to be impaired (Arnold et al., 2013). Unfortunately, neither sperm numbers 
in spermatophores nor the proportions of abnormal sperm were statistically related to the 
actual fertilization results (Arnold et al., 2012). The lack of motility as a parameter for sperm 
assessment in crustaceans means that alternative parameters are required to examine 
fertility or account for unexplained infertility.  
 
Sperm DNA damage is increasingly being accepted as a potential cause of unexplained 
male infertility in mammals (Sakkas and Alvarez, 2010), especially that which can not be 
explained using conventional sperm paramaters. Sperm DNA damage is commonly 
assessed by two methodologies: (1) direct detection of DNA breaks and/or DNA nicks in 
sperm chromatin by enzymatic reactions including terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) and in situ nick translation (ISNT) and (2) assessment of 
damage to the entire chromatin structure following the controlled chemical denaturation and 
chromatin depletion of a sperm cell (e.g. the sperm chromatin dispersion test, SCDt), the 
single cell gel electrophoresis (comet assay), the DNA break detection-fluorescence in situ 
hybridization (DBD-FISH) and the sperm chromatin structure assay (SCSA) (Evenson et al., 
2002; J. Fernández et al., 2000; Manicardi et al., 1998; Sharma et al., 2010).  
 
The SCDt is a simple and cost effective method to detect sperm DNA damage compared to 
the other methods (Fernandez et al., 2003). Although initially developed for human 
application, it has also been successfully validated and applied to a wide range of domestic 
animals and wildlife (Johnston et al., 2015; Johnston et al., 2017; Johnston et al., 2007; 
López-Fernández et al., 2007; López-Fernández et al., 2008). The SCDt depends on 
visualization of fragmented DNA (single and double stranded breaks) after the sperm cells 
are embedded and chemically lysed in a thin layer of microgel (Fernandez et al., 2003). In 
practice, the SCDt needs to be modified according to the conformation and composition of 
sperm chromatin as protamine composition varies substantially among species (Johnston 
et al., 2015; Johnston et al., 2017; Johnston et al., 2007).  
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To date, the development of SCDt in invertebrate species has been limited to the blue 
mussel, Mytilus edulis (Kjelland et al., 2017) and grassphopper, Chorthippus parallelus  
(Gosálvez et al., 2010); there is currently no SCDt for any decapod species. Of particular 
interest is P. monodon, where Feng et al. (2016) has recently reported the 3D ultrastructure 
of highly uncondensed chromatin in the mature sperm nuclei. In addition, the uncondensed 
sperm chromatin characteristic of decapods has been proven biochemically to contain only 
limited histones and no protamine (Kurtz et al., 2008). Based purely on the structure and 
composition of the sperm chromatin in P. monodon, it is possible that maintenance of DNA 
integrity could be a particular challenge for this taxon, especially when conducting artificial 
reproductive breeding procedures, such as the collection of spermatophores, the release of 
sperm cells from spermatophores, the chilled storage and cryopreservation of spermatozoa 
for artificial insemination. The current study was conducted to establish and validate a 
species specific SCDt for P. monodon and then to apply this procedure to evaluate the effect 
of sperm manipulation procedures on the DNA integrity of these spermatozoa and to 
compare sperm DNA quality in a wild and captive breed aquaculture population. 
 
6.3 Materials and Methods  
 
6.3.1 Sperm sample collection and preparation  
 
For the validation of SCDt, the sperm samples were collected in February of 2014 from 
domesticated male P. monodon that were reared in a 200 m2 outdoor plastic lined pond at 
the Bribie Island Research Center (BIRC), Queensland, Australia. Prawn mean (± SD; n = 
16) of body weight and body length were 41.4 ± 5.3 g and 18.6 ± 0.7 cm, respectively. The 
spermatophores were collected by electro-ejaculation based on the the method described 
by Sandifer et al. (1984). The collected intact spermatophores were initially immersed in the 
calcium-free saline (CFS) for 5 min and then transferred into a 1 mL cryovial (Sigma-Aldrich, 
Sydney, Australia) containing 0.5 mL CFS with 5% DMSO as described by Bart et al. (2006) 
and Vuthiphandchai et al. (2007). After being equilibrated to room temperature for 30 min, 
the cryovials were placed into a programmable freezer (Freeze Control CL-863, Cryologics 
Pty Ltd, Mulgrave, Australia) and chilled from 25 °C to -10 °C at the rate of 15 °C/min and 
then from -10 °C to -80 °C at the rate of 2 °C/min, after which the cryovials were plunged 
into a liquid nitrogen dry shipper.  
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The cryopreserved sperm samples were then shipped frozen to the laboratory in the Unit of 
Genetics, Department of Biology, Autonomous University of Madrid to develop the SCDt 
prototype for P. monodon. After a 180-day period of cryopreservation, the cryovials were 
thawed in a 28 °C water bath for 2 min. Spermatophores were then transferred and gently 
dissected into a small petri dish filled with 10 mL of CFS to release the spermatozoa. The 
sperm mass (sperm and gel-like material) of the spermatophore were separated and broken-
up into small pieces by a pair of fine tip tweezers and scissors before being transferred into 
a 1.5 mL Eppendorf tube with 0.5 mL CFS; this sperm suspension was shaken by hand for 
approximately 1 min to homogenize the sample and release the spermatozoa from the 
spermatophore tissue.  
 
6.3.2 Development of SCDt prototype for P. monodon 
 
The most critical step in the development of a SCDt for a new species is selection of the 
appropriate lysis solution to deplete sperm protein and allow appropriate access to the DNA 
molecule; this requires a degree of preliminary testing to ascertain the appropriate 
concentration, timing and combination of lysing components to allow a reliable and 
interpretable analysis of sperm DNA damage. As there was no such lysis solution currently 
developed for decapod spermatozoa, three lysis solutions were initially tested, which 
included a lysing agent designed for human leukocytes (Leukomax, Halotech, Madrid, 
Spain), human cumulus cells (D3-Max, Halotech, Madrid, Spain), and koala sperm cells 
(Halomax, Halotech, Madrid, Spain). 
 
In preparation for the SCDt procedure, 20 μL of the diluted (15-20 ×106 mL-1) sperm sample 
was gently mixed with 50 μL of low melting point agarose at 37 oC; 10 μL of this sperm-
agarose suspension was then placed onto a specially coated microscope slide, covered with 
a coverslip and placed on a chilled (4 oC) surface for 5 min to allow the suspension to solidify 
to form a microgel. The coverslip was then removed and the sperm-laden microgel 
processed through a 5 min protein lysis (Leukomax, D30-Max, or Halomax Koala was tested 
respectively), a 5-min rinse in dH20 and a graded series of dehydrations in 50%, 70%, and 
100% ethanol. The air-dried slide was then stained using a single DNA binding 
fluorochrome, SYBR Green (Sigma Aldrich, Irvine, UK) or a combination of the DNA binding 
fluorochrome Gel-Red (Biotium, Hayward, CA, USA) and the protein binding fluorochrome 
Merbromin (Sigma Aldrich, Irvine, UK). The stained samples were visualized by a Leica 
DMRB epifluorescence microscope (Leica Microsystems, Barcelona, Spain); captured 
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images were converted to the format of 8-bit black and white by the software ImageJ 
(Schneider et al., 2012) to standardize the image quality for interpretation.  
 
6.3.3 Two-tail comet assay 
 
A two-tail comet assay was applied to verify the results acquired in the SCDt. Sperm 
microgel slides were prepared as described for SCDt above. Prior to the comet assay, the 
microgel slide was treated with validated SCDt lysing solution for 5 min and then rinsed in 
the neutral TBE buffer (0.089 M Tris, 0.089 M boric acid and 0.002 M EDTA) for another 5 
min. Next the microgel slide was initially electrophoresed (20 V) for 8 min in the neutral TBE 
buffer and rinsed in 0.9% sodium chloride solution for 2 min; the slide was then rotated 90° 
and the electrophoresis (20V) continued for another 4 min in the alkaline solution (0.03 M 
sodium hydroxide and 1 M sodium chloride; pH 12.5). Sequentially, the slide was rinsed in 
the 0.9% sodium chloride solution for 2 min, then 0.4 M Tris-HCl buffer (pH 7.5) for 5 min 
and neutral TBE buffer for 2 min before being dehydrated through a graded ethanol series 
(50%, 70% and 100%).  
 
To intentionally produce double-stranded DNA breaks for a positive control, the microgel 
sperm preparations (three aliquots from each of five prawns) were treated with either 20 
units of restriction endonuclease AluI (AG/CT; New England Biolabs, Ipswich, UK) for 5 min, 
5 units for 3 min, or no enzyme treatment prior to the comet assays or SCDt. The percentage 
of sperm DNA fragmentation (SDF) was calculated by recording the number of DNA 
fragmented sperm based on the observation of 300 sperm cells.  
 
6.3.4 Inducing SDF using mechanical stress using domesticated and wild broodstock 
 
Two groups of P. monodon male broodstock were used: F1 (n = 10) and NT (n = 10). F1 
group was from the same cohort of domesticated animals that had been sampled previously 
for the SCDt validation six months before. At the time of sampling (September of 2014), the 
mean (± SD) of body weight, carapace length and carapace width of the F1 prawns were 
98.8 ± 5.7 g, 53.6 ± 2.1 mm and 26.8 ± 1.7 mm, respectively. The NT group consisted of 
wild male broodstock captured off the coast of Australian Northern Territory; the NT prawns 
were larger and had a mean (± SD) of body weight, carapace length, and carapace width of 
129.3 ± 12.8 g, 60.5 ± 2.3 mm, and 29.7 ± 1.9 mm, respectively. While spermatophore 
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collection and the sperm release followed the same procedures as for the SCDt validation, 
in this experiment, fresh sperm samples were used, instead of the cryopreserved samples 
 
A form of “induced” mechanical stress was applied to the spermatozoa by vibrating and 
mixing the sperm suspension (0.5 mL CFS in a 1.5 mL eppendorf tube) using a VWRTM 
Analog vortex mixer (VWR International, US). Four levels of mechanical stress were applied 
based on the following criteria: (1) a low speed vortex (200 rpm) for 20 sec (VL20), (2) a low 
speed vortex (200 rpm) for 120 sec (VL120), (3) a high speed (2500 rpm) for 20 sec (VH20), 
and (4) a high speed vortex (2500 rpm) for 120 sec (VH120). In the control group (C), the 
sperm suspension was only mixed by manual hand-shaking. 
 
6.3.5 Statistical analysis 
 
A Pearson correlation between the percentages of SDF obtained from the comet assay and 
the SCDt was analyzed and the figure was created in SPSS v17.0 (SPSS Inc., Chicago, 
US). The effect of mechanical stress and the difference between the two prawn populations 
(F1 vs. NT) in the percentage of SDF was analyzed by a one-way ANOVA by the R 
programming language (R Core Team, 2015) and the corresponding figures were generated 
by the ggplot2 package (Wickham, 2009). 
 
6.4 Results  
 
6.4.1 Selecting the appropriate lysis solution for the sperm cells of P. monodon 
 
When untreated prawn sperm cells were prepared in microgels and stained using Gel-Red 
(DNA) and Merbromin (protein) fluorochromes, they typically emitted only green 
fluorescence (Merbromin) from the regions of nucleus and spike, while traces of red 
fluorescence (Gel-Red) were not detected (Fig. 6.1a). Interestingly, no fluorescence was 
seen on the outer membrane in the region of the acrosomal vesicle and in some cases, the 
spike close to the acrosomal vesicle was not clearly visible (Fig. 6.1b).  
 
Three lysis solutions were tested to produce a suitable level of chromatin dispersion 
(referred to as the “halo” in this technique) in the P. monodon sperm cell: (1) Leukomax, 
which was specially designed to assess DNA damage in human leukocytes; (2) Halomax 
Koala, which was developed to assess sperm DNA damage in the koala, and (3) D3-Max, 
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which was designed to assess DNA damage in human cumulus cells. Ideally, after lysis, the 
spermatozoa containing fragmented DNA should reveal a large halo of dispersed chromatin 
and the spermatozoa containing non-fragmented DNA should present with a small and 
compact halo of dispersed chromatin around a compact core.  
 
The Leukomax lysing agent was determined to be too weak to allow an interpretable level 
of chromatin dispersion: although a certain level of disorganization was observed in the 
original morphology of the sperm cell, no distinct halo was noted (Fig. 6.1c). By contrast, the 
Halomax Koala was too strong, as it showed evidence of excessive chromatin dispersion 
affecting all nuclei, irrespective of whether they putatively contained fragmented DNA or not 
(Fig. 6.1d). In comparison, when the D3-Max was applied for 5 mins instead of 3 minutes as 
recommended in the original procedure, this lysis solution resulted in the production of 
interpretable controlled haloes with a differential level of chromatin dispersion for P. 
monodon sperm cells (Fig. 6.1e). Each cell showed either a moderate level of chromatin 
disorganization, exemplified by a small and homogeneous halo organized around a compact 
core where the acrosomal vesicle was clearly visible (the unmarked cells in Fig. 6.1e) or 
largely disorganized haloes of dispersed chromatin of variable size, organized around a 
more or less disorganized core (the yellow arrows in Fig. 6.1e). Typically, when the halo was 
compact and the core was homogeneous, the acrosomal vesicle appeared to be intact (Fig. 
6.1h and the thick yellow arrow in Fig. 6.1f); however, the acrosomal vesicle tended to lose 
its innate morphology in those spermatozoa presenting with a large dispersed halo of 
chromatin representative of nuclei with fragmented DNA (Fig. 6.1g and the thin yellow arrow 
in Fig. 6.1f).  
 
 
 
 
 
 
 
 
Figure 6.1(next page): Sperm morphology of P. monodon by fluorescence microscopy. Panel a & b: sperm 
morphology of a P. monodon sperm cell with spike (a) or with no spike (b); Panel c to h: sperm DNA morphology 
after a standard SCDt procedure using lysis agent Leukomax (c), Halomax Koala (d) or D3-Max (e-h). Sperm 
cells in Fig. 6.1a, b, g, and h were stained by the fluorochromes Gel-Red and Merbromin, while the others 
were stained by SYBR Green. Scale bar = 10 μm. 
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6.4.2 Four sperm nuclear morphotypes for the sperm cells of P. monodon in SCDt 
 
In order to standardize our results for subsequent analysis, we have proposed four sperm 
nuclear morphotypes when P. monodon sperm samples were processed in the D3-Max 
lysing solution for 5 min and stained with a SYBR Green fluorochrome. Prawn sperm nuclear 
morphotype 1 (Ps-NM1) consisted of a sperm nucleus with a delimited nucleoid core 
surrounded by a continuous homogeneous halo that was equivalent or slightly larger than 
the diameter of the nucleoid core (Fig. 6.2a); for this nuclear morphotype, a faintly stained 
acrosomal vesicle could be clearly seen near the nucleoid core. Ps-NM2 consisted of a 
sperm nucleus with an equivalent sized nucleoid core to that of Ps-NM1 but was also 
surrounded by a “spotty halo” of dispersed diffuse DNA fragments; the halo, in this case, 
was equivalent or slightly larger than the diameter of the nucleoid core (Fig. 6.2b). Ps-NM3 
could be defined as a sperm nucleus with a heterogeneous nucleoid core; the halo of 
dispersed chromatin was significantly larger than the diameter of the irregular less dense 
nucleoid core and it possessed more distinctive DNA fragments which stained more 
intensely with a distinctive “spotty” appearance (Fig. 6.3c). Ps-NM4 were characterized as 
possessing a remnant nucleoid; the halo observed around the nucleoid remnant possessed 
fragmented pieces of DNA that had migrated a longer distance from the nucleoid (Fig. 6.3d). 
For the purposes of further analysis, Ps-NM1 were classified as sperm nuclei with no 
fragmented DNA, while the remaining morphotypes were representative of varying degrees 
of increasing DNA damage (Ps-NM2 to Ps-NM4). 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 (next page): The four sperm nuclear morphotypes (Ps-NM) that were observed in prawn SCDt. 
Panel a: Ps-NM1 showing a delimited nucleoid core surrounded by a continuous homogeneous halo that was 
equivalent or slightly larger to the size of core; Panel b: Ps-NM2 showing a Ps-NM1-like nucleoid core 
surrounded by a larger spotty halo; Panel c: Ps-NM3 showing a heterogeneous nucleoid core surrounded by 
much larger spotty halo; Panel d: Ps-NM4 showing a “dim” heterogeneous nucleoid core surrounded by broken 
pieces of chromatin remnants. Scale bar = 20 μm. 
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6.4.3 Two-tail comet assay 
 
A two-tail comet assay was conducted to (1) confirm the sperm nuclear morphologies 
following the SCDt procedure also showed evidence of fragmented DNA and (2) to verify 
the results of SDF percentages calculated from SCDt. Using this experimental approach, 
two discrete comet tails emerging from a single nucleoid core could be discriminated after 
two perpendicular electrophoreses that was initially performed under neutral and then 
subsequently under alkaline conditions. The comet tail extending along the Y axis and 
emerging from the nucleoid core represented DNA containing single strand DNA breaks at 
the origin, whereas the DNA migrating along the X axis was representative of the presence 
of double strand DNA breaks at the origin (Fig. 6.3b). During the first neutral electrophoresis, 
only double strand DNA breaks migrated on the X axis, while during the second alkaline 
electrophoresis, pre-existing DNA containing single strand breaks lost their double helix 
structure under the denaturing condition and migrated along the Y axis.  
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Non-fragmented prawn spermatozoa showed a low level of migration on the Y axis (Fig. 
6.3a) and this migration was considered as a structural feature of DNA confirmation rather 
than fragmented sperm DNA per se. When massive production of DNA breaks occurred, the 
nucleoid core tended to disappear and a large migration of DNA fragments was produced 
(Fig. 6.3c). A massive production of DNA breaks was also observed in the Ps-NM4 
morphotype wherein only traces of a single and reduced comet tail of the Y axis were 
observed (Fig. 6.3d).  
 
 
Figure 6.3: Sperm morphology of P. monodon in two-tail comet assay. Panel a: DNA non-fragmented sperm 
cells only showing the migration of single-strand DNA breaks (SS-DNA-breaks) along the Y axis (second 
electrophoresis) in a two-tail comet assay; Panel b: DNA fragmented sperm cells showing the migration of 
double-strand DNA breaks (DS-DNA-breaks) along the X axis (first electrophoresis) and the SS-DNA-breaks 
along the Y axis; Panel c & d: Sperm morphology for cells with more severe DNA damage following a two-tail 
comet assay. Scale bar = 20 μm. 
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The incidence of sperm DNA damage using the SCD procedure and the comet assay from 
five prawns was analysed; there was a high correlation (Pearson R2 = 0.989; P = 0.01) in 
the percentage of SDF calculated using both techniques (Fig. 6.4).  
 
 
Figure 6.4: The correlation between the results of SDF percentage for SCDt and comet assay. Sperm samples 
were treated by restriction endonuclease AluI 20 units for 5 min, 5 units for 3 min, or without treatment prior to 
being examined in SCDt and comet assay.  
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6.4.4 Inducing SDF using mechanical stress  
 
To examine the hypothesis that uncondensed prawn sperm chromatin is vulnerable to 
fragmentation, mechanical stress was used to intentionally to induce DNA damage on sperm 
samples from 20 different individuals. The results showed the all levels of mechanical stress 
were unproductive in inducing DNA fragmentation: there was no statistical difference (P = 
0.76) between the mean SDF percentage of four levels of mechanically treated spermatozoa 
(4.91 ± 3.70% in VL20, 4.96 ± 3.64% in VL120, 5.09 ± 3.63% in VH20, and 5.06 ± 3.57% in 
VH120) and untreated spermatozoa (4.66 ± 3.14% in C; Fig. 6.5).  
 
 
Figure 6.5: The box plot for the SDF percentage between the sperm samples treated by different levels of 
mechanical stress. VL20, VL120, VH20, VH120 and C stand for a low speed (200 rpm) vortex for 20 sec, a 
low speed vortex for 120 sec, a high speed (2500 rpm) for 20 sec, a high speed vortex for 120 sec, and manual 
hand-shaking as a control, respectively. The solid point and the associated dashed whiskers represent the 
mean ± SD of the corresponding box. 
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6.4.5 A comparison of SDF in domesticated and wild broodstock  
 
Domesticated F1 prawns showed a statistically higher (p < 0.001) level of SDF (6.8 ± 4.5%; 
n = 10) when compared to that of wild caught NT prawns (3.3 ± 1.5 %; n = 10) (Fig. 6.6).   
 
 
Figure 6.6: The box plot for the SDF percentage between the sperm samples from different P. monodon 
populations. F1 is the first generation of domesticated P. monodon broodstock and NT is the wild-caught P. 
monodon broodstock. The solid point and the associated dashed whiskers represent the mean ± SD of the 
corresponding box. 
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6.5 Discussion 
 
The selection of an appropriate lysis agent and procedure is crucial in the development of 
SCDt for a new species. The SCDt procedure utilizes a detergent-based single-cell lysis 
technique that delivers chemical detergents such as sodium dodecyl sulphate to partially 
solubilize and remove the lipids and proteins on the cell membrane in combination with  
reducing agents such as β-mercaptoethanol and dithiothreitol to break disulfide bonds of 
cysteine containing protamines (Fernandez et al., 2003). A lysing agent of the appropriate 
strength destroys sperm membranes and in parallel also produces a differential protein 
depletion targeting chromatin containing non-fragmented and fragmented DNA; this 
differential action within the microgel produces different sperm morphologies that are 
reflective of the amount of DNA damage in individual sperm cells.  
 
The lysis procedure of the SCDt needs to be determined and tailored in reference to the 
composition and configuration of chromatin for the gamete (species-specific) to be 
examined. Within this scenario, the sperm chromatin of P. monodon was particularly 
challenging given its uncondensed status (Feng et al., 2017; Feng et al., 2016) and only 
containing a limited fraction of histone remnants and no protamines (Kurtz et al., 2008; 
Poljaroen et al., 2010). According to the characteristics of P. monodon sperm chromatin, 
three broadly different acting lysing solutions (Leukomax, Halomax Koala, and D3-Max) 
were tested, all of which did not contain reducing agents for disulfide bonds. D3-Max, 
Halomax Koala, and Leukomax were initially designed for human cumulus cells, koala 
sperm cells, and human leukocytes, respectively. Results from the present study revealed 
that D3-Max produced the most interpretable results for the black tiger prawn sperm cells, 
while the Koala Halomax technique was too strong and the Leukomax too weak with respect 
to the extent of chromatin dispersion. Although the leukocyte and cumulus cell are both 
somatic cells that only contain histones in the nuclei, the relatively higher biological activity 
of leukocyte means its chromatin is more “disentangled” for DNA transcription, replication 
and repair (Ehrenhofer-Murray, 2004) and therefore can be more easily unraveled and 
displayed after a slight cell lysis, while the less active chromatin of the cumulus cells (a high 
proportion of them being G0 quiescent cells) is more structurally inert, thus requiring a 
slightly greater lysing strength for chromatin dispersion. By contrast, much more lysing 
strength is required to release the chromatin of koala sperm cell as its chromatin 
compactness is associated with the superior strength and bonding of protamines. Although 
koala protamine lacks cysteine-related disulfide bonds, it does possess an abundance of 
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arginine which is thought to contribute to its DNA stability (Johnston et al., 2007). Our 
previous studies have revealed that the electron density of chromatin filaments of P. 
monodon spermatozoa increase from an ultrastructural perspective during the later stages 
of spermatogenesis and during post-testicular maturation in the spermatophore (Feng et al., 
2017; Feng et al., 2016); this phenomenon might therefore explain why P. monodon sperm 
chromatin requires a similar lysing agent to that for the less active histone-based chromatin 
of human cumulus cell. In terms of biological interpretation, it would seem that P. monodon 
spermatozoa have a level of chromatin organization that is relatively weak when compared 
to the that of koala protamine (which contains no cysteine residues) but equivalent to the 
condensed chromatin status presented by G0 quiescent cells.  
 
The results of the prawn SCDt are interpreted by the percentage of DNA fragmented or non-
fragmented cells; therefore, the morphology of dispersed chromatin after the lysis procedure 
of SCDt must be categorized and standardized in terms of the extent of DNA fragmentation 
(Fernandez et al., 2003); in this study four prawn sperm nuclear morphotypes (Ps-NM1 to 
4) were observed in the newly developed SCDt for P. monodon but it should be remember 
that these categories more appropriately represent points on a continuum between sperm 
with intact and highly fragmented DNA. In this study, Ps-NM1 represented the nuclear 
morphotype of prawn sperm cell with no or little DNA fragmentation, while Ps-NM2, Ps-NM3 
and Ps-NM4 are nuclear morphotypes showing an increasing degree of DNA fragmentation. 
These morphotypes are distinguished by the morphology and intensity of the fluorescent 
halo (dispersed nuclear chromatin) surrounding the nucleoid core: the non-fragmented Ps-
NM1 showed a homogeneous halo that was equivalent to or slightly larger than the size of 
core, while the halos in other morphotypes were heterogeneous, discontinuous or “spotty” 
and much larger in size than the nucleoid core. In the extreme case of Ps-NM4, 
characterized as having severe DNA fragmentation, DNA fragments of the halo may even 
disappear or migrate in microgel completely out of view leaving a nucleoid core that is faintly 
visible and reduced in size.  
 
While the DNA fragmentation observed in Ps-NM2, Ps-NM3, and Ps-NM4 nuclear 
morphotypes were confirmed as double-stranded DNA breaks at the origin by the two-tail 
comet assay, some of these DNA fragments were also covered by single stranded DNA 
breaks, since migrating DNA was observed under denaturant conditions. In addition, there 
was a high correlation between the results of comet assay and SCDt; such results validate 
the SCDt procedure developed in this study for P. monodon and provide confidence that the 
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procedure can be utilized for the detection of sperm DNA fragmentation in future studies or 
assessments of sperm quality. Two-tail comet assay has been successfully used to validate 
the result of SCDt and confirm the type of DNA breaks for many species, such as Koala 
(Phascolarctos cinereus) (Zee et al., 2009), African clawed frog (Xenopus laevis) (Pollock 
et al., 2015), Bottlenose Dolphin (Tursiops truncatus) (Sánchez-Calabuig et al., 2014), tench 
(Tinca tinca) (López-Fernández et al., 2009) and zebrafish (Danio rerio) (Gosálvez et al., 
2014). The result of this study is consistent with the observations in those previous studies.  
 
The limited composition of basic sperm nuclear proteins and the uncondensed status of 
black tiger prawn sperm chromatin may suggest that chromatin of this species is fragile and 
easily degenerated, but the results of this study indicated the exact opposite. Mechanical 
stress produced by the distortion of the sperm structures from rotation-related shear forces 
during the vortex mixing of suspended sperm cells failed to cause any increase the level of 
sperm DNA damage. It is possible that the extent of mechanical stress we applied in this 
study was not sufficient to bring on damage on the sperm DNA or more likely the 
uncondensed chromatin structure of prawn sperm cell is innately effective in the maintaining 
DNA integrity during mechanical distortion. Perhaps the morphological features of the prawn 
sperm such as the spherical nucleus filled with relaxed chromatin filaments and the absence 
of flagellum may somehow facilitate the release of shearing forces associated with the vortex 
mixing (Chisti, 2001). Regardless, the level of DNA resistance observed in this study is 
potentially good news for artificial reproductive technologies that involve sperm handling. 
 
For the prawn populations examined in this study, the SDF level of domesticated male 
broodstock was significantly higher than that of wild male broodstock, which in this respect 
is reflective of potential evidence of poorer sperm quality associated with domestication. 
Although further observations using larger sample sizes of prawns, with varying degrees of 
domestication (F1 to Fn) are required to substantiate this hypothesis, at least now, there is 
a sperm DNA fragmentation assay to examine this question. The inferior reproduction 
performance of domesticated broodstock of P. monodon has been regarded as one of the 
prioritized issues for the nauplii production in the prawn aquaculture hatcheries (Browdy, 
1998). Although the female domesticated broodstock were believed to be major contributor 
of poor reproductive outcome (Arnold et al., 2013; Coman et al., 2006), recent studies have 
also shown the reproductive performance of male broodstock were similarly undermined by 
the process of domestication (Alfaro-Montoya, 2010; Chong et al., 2015; Parnes et al., 
2007). For this case, the level of SDF may be considered as a potential parameter, for which 
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the relative reproductive capacity of selected male broodstock could be assessed; the 
selection of genetic lines of males exhibiting low levels of SDF could then be the basis of 
improvements in reproductive efficiency within the prawn aquaculture.   
 
The lack of effective methods to evaluate the male fertility of prawn broodstock have often 
been lamented by the researchers (Arnold and Coman, 2012; Arnold et al., 2012) as the 
commonly used sperm parameters are not well correlated to the fertilizing ability of the 
sperm cells. In another case, while most sperm cells of L. vannamei had intact plasma 
membrane evaluated by the dual fluorochromes staining method with propidium iodide and 
6-carboxyfluorescein diacetate (Silva et al., 2015), the hatching rate of the eggs fertilised by 
those sperm remained low (Castelo-Branco et al., 2018). It raises the concern about the 
impact of potentially existing sperm DNA damage on the sperm fertilising capability. This 
study has provided a technique that allows for the assessment of sperm DNA integrity and 
with further development it could be incorporated as a potential index for male prawn fertility 
evaluation. We propose that the SCDt can be considered as one of the male fertility 
parameters in the routine management of male broodstock in prawn aquaculture.  
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Chapter 7: Evaluating the impact of moulting and chilled storage of 
spermatophores on the integrity of plasma membrane, acrosome, and 
DNA of black tiger prawn (Penaeus monodon) spermatozoa 
 
7.1 Abstract  
 
Spermatozoa of Penaeus monodon from early (B-C), middle (D0-1), and late (D2-3) moult 
stages were compared for sperm quality parameters relating to the structural integrity of 
plasma membrane (Viab%), acrosome (AR%), and DNA (SDF%) after being stored at 4 °C 
for 0 – 26 days. Three different sperm extenders used for chilled storage included artificial 
lobster haemolymph (AH), calcium free saline (CS), and filtered seawater (FS); two storage 
conditions were applied either as a free sperm suspension or retained within the intact 
spermatophore. Results showed that (1) the lowest natural AR% was shown for B-C 
spermatozoa in CS whereas the highest levels were for B-C, D0-1 and D2-3 spermatozoa 
in FS and D2-3 spermatozoa in AH; (2) the calcium ionophore A23187 agent used in this 
study was able to increase the mean AR% by 6.22%; (3) the Viab% was significantly lower 
in CS than that in FS; (4) the SDF% significantly increased over the period of chilled storage 
for B-C and D0-1 spermatozoa, while the SDF% of D2-3 spermatozoa was initially elevated 
and did not change significantly over time; and (5) there was no difference in sperm quality 
between two storage conditions. This study has successfully demonstrated the moult-
related variance in the percentages of acrosome-reacted and DNA-damaged spermatozoa, 
providing evidence of moult-related spermatophore renewal cycle in this species. 
Additionally, the increased sperm DNA damage during prolonged spermatophore storage 
indicated a deterioration in sperm quality despite the integrity of sperm plasma membrane 
and acrosome remaining unchanged over the same period.  
 
7.2 Introduction 
 
Sperm quality assessment is a challenging task in Penaeus monodon and other penaeid 
species. Unlike a typical flagellated spermatozoon, the penaeid sperm is non-flagellate and 
immotile (Jamieson and Tudge, 2000), so that motility assays are meaningless as an 
indicator of sperm quality for this taxon. Likewise, the techniques for monitoring the 
functionality of sperm mitochondria are also redundant as the mitochondria in the prawn 
spermatozoon are degenerated in the later stages of spermatogenesis (Feng et al., 2017). 
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Consequently, the only cellular organelles that can be definitively assessed include the 
sperm plasma membrane, acrosome and nucleus (chromatin - DNA).  
 
The plasma membrane integrity of prawn sperm is commonly assessed by the methodology 
of dye exclusion; for example, by using trypan blue and/or eosin–nigrosine  spermatozoa 
with an intact plasma membrane remain unstained but those with a broken or damaged 
membrane are stained with the colour of the corresponding dye (Leung-Trujillo and 
Lawrence, 1987). Nonetheless, this method has been questioned as unreliable due to 
various degrees of dye permeability into the spermatophore and spermatozoon 
(Bhavanishankar and Subramoniam, 1997). To date the more reliable examination for 
penaeid sperm membrane integrity has been proven to be the double fluorescent staining 
method using propidium iodide (PI) and 6-carboxyfluorescein diacetate (CFDA) as shown 
by Silva et al. (2015).  
 
For prawn spermatozoa, the competence to undergo acrosome reaction (AR) is regarded 
as a good indicator of normal acrosome functionality (Wang et al., 1995). Acrosome reaction 
(AR) can spontaneously take place when prawn spermatozoa are released into seawater, 
but AR can be further enhanced by exposure to “egg water”, which is composed of seawater 
containing the soluble materials released by the spawned mature eggs (Kruevaisayawan et 
al., 2008). The complicating issues for routine use of “egg water” include the difficulty of its 
collection and preservation, the uncertainty of its effective components and the requirement 
of sperm capacitation. Ca2+ ionophore A23187  has been successfully applied as an 
alternative to “egg water” for the induction of AR in penaeid species (Clark et al., 1981).  
 
Sperm DNA integrity has been gaining more attention as an additional indicator of sperm 
quality in mammalian species, especially for the detection of male infertility that cannot be 
explained using conventional sperm parameters (Sakkas and Alvarez, 2010). Since the 
sperm nucleus of P. monodon is highly decondensed (Feng et al., 2017; Feng et al., 2016), 
maintaining DNA integrity following sperm production and maturation, processing and 
preservation could be a potential problem of male fertility in this taxon.  
 
In this study we hypothesise that sperm quality varies between spermatophores collected 
from male prawns in different moult stages. Penaeid prawn reproduction is physiologically 
related to the moulting cycle of the animal (Subramoniam, 2000): female closed-thelycum 
penaeid prawns normally become receptive in the postmoult stage, while for males there is 
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evidence to indicate that there is a moult-related renewal cycle of spermatophores, as has 
been shown in both open thelycum species Litopenaeus vannamei (Heitzmann et al., 1993; 
Parnes et al., 2006) and closed thelycum species Farfantepenaeus brasiliensis (Braga, 
Lopes, et al., 2014). Although such a phenomenon has not been confirmed in P. monodon, 
it is likely that the spermatophore renewal cycle also exists in this closed thelycum penaeid 
species due to their relatively close phylogenetic relationship. If the old spermatophores are 
replaced by new ones during each moult, there potentially also exists a difference in sperm 
quality of spermatophores electro-ejaculated at different stages of the moult cycle.  
 
Other factors that can potentially influence the quality of ejaculated sperm, especially when 
being prepared for objective assessment, are the extender or diluent, the condition of the 
spermatophore and the period of refrigeration. Calcium free saline is the most commonly 
used prawn sperm extender for sperm cryopreservation (Bart et al., 2006; Vuthiphandchai 
et al., 2007) or chilled sperm storage (Bray and Lawrence, 1998; Morales-Ueno et al., 2016) 
as the depletion of calcium typically prevents sperm acrosome reaction in penaeid species. 
Alternative sperm extenders that have been reported include artificial crustacean 
haemolymph (Nimrat et al., 2005; Talbot et al., 1991), natural seawater (Bray and Lawrence, 
1998), phosphate buffer (Nimrat et al., 2005) and mineral oil (Nimrat et al., 2005). Within the 
spermatophore, there is a large volume of glutinous fluid covering the sperm mass, possibly 
providing extra protection for the embedded spermatozoa (Sasikala and Subramoniam, 
1987); consequently, it may be prudent to examine whether sperm quality is affected by 
breaching the spermatophore wall, in which case the spermatozoa are either chilled 
preserved as a free sperm suspension or retained within the intact spermatophore. With 
respect to prawn sperm storage time, a prolonged period of sperm storage, regardless of 
through cryopreservation or chilled storage, has been proven to have a negative impact on 
the sperm quality as assessed by fertility rate (Nimrat et al., 2005; Vuthiphandchai et al., 
2007).  
 
To validate the impact of spermatophore chilled storage on sperm quality, sperm quality 
parameters, including the integrity of the sperm plasma membrane (percentage of viable 
spermatozoa), the integrity of the acrosome (percentage of acrosome reacted sperm) and 
the integrity of sperm DNA (percentage of sperm with fragmented DNA), were analysed in 
the context of sperm samples that were chilled stored (4 °C) in three different sperm 
extenders (calcium free saline, artificial crustacean haemolymph, or filtered natural 
seawater), two storage conditions (free sperm suspension or intact spermatophore) and 
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following a variety of storage periods (0 – 26 days). In addition, the corresponding quality of 
the spermatozoa collected from the male P. monodon at different moult stages (B-C, D0-1, 
or D2-3) was compared to explore the possibility of moult-related impact on sperm quality in 
this species.  
 
7.3 Materials and Methods 
 
7.3.1 Animal management  
 
Prior to the start of our experiments (from February to May, 2017), 120 domesticated male 
broodstock of Penaeus monodon (Fabricius, 1798) were transferred from a 200 m2 outdoor 
plastic lined pond to three 10,000 L indoor circulating tanks with translucent covers at the 
Bribie Island Research Centre (BIRC). The daily water exchange rate of each tank was 50%, 
the water temperature was maintained at 27-29 °C, the debris on the tank bottom was 
siphoned off every morning before feeding, and animals were fed with commercial pellets 
(Ridley Aqua Feed, Narangba, Australia) at 8:00 am and diced mussel and squid meat at 
5:00 pm (feeding about 30% of the total animal weight each time). After three weeks of 
acclimation, each animal was tagged with a numbered plastic bird leg band (4mm E-Z split 
rings, Rings 4 Wings, Belgium) on the eyestalk and a numbered waterproof label (1 × 0.5 
cm) fixed to the lateral carapace using water-resistant super glue (Loctite®, Munich, 
Germany). A moulting event could thereby be recorded when an exuviae when a numbered 
sticker was found at the bottom of a tank. The newly moulted prawn would be re-tagged on 
the carapace a day after its moulting.  
 
7.3.2 Spermatophore collection  
 
Spermatophore collection commenced when every animal had experienced a recorded 
moult cycle, so the moult stage of an animal could be roughly predicted according to the 
previous intermoult cycle. The moult stage was also confirmed by a stereomicroscopic 
examination of the uropod of a selected animal using the method of Promwikorn et al. 
(2004).  Spermatophores were collected by electro-ejaculation as described by Arnold et al. 
(2012). Each acquired spermatophore was immersed entirely in a 5 mL capped flat bottom 
plastic tube (Techno Plas, St Marys, Australia) with 3 mL of the intended extender 
immediately after collection.  
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7.3.3 Sperm sample preparation  
 
Before releasing the spermatozoa, a spermatophore was transferred from the 5 mL storage 
tube into a 1.5 mL eppendorf tube with 0.5 mL of extender. A sterilised plastic tissue grinder 
(Axygen® Scientific, Union City, US) connected to a high speed rotary tool (Dremel® Model 
398-49, Racine, US) was used for 1 min to “tear up” the spermatophore wall and shred the 
spermatophore into smaller pieces. The sperm suspension was then vortexed for another 
minute using the high speed mode of a vortex mixer (VWRTM Analog, Radnor, US) in order 
to release as many spermatozoa as possible. A 50 μm aliquot of thoroughly mixed sperm 
suspension was then diluted in a new 1.5 mL eppendorf tube with an appropriate volume 
(around 500 μm) of the extender to ensure the spermatozoa were properly diluted at 15-20 
× 106 mL-1 for observation under a Nikon Eclipse Ti-E microscope equipped with DIC 
objective lens (Nikon, Toyko, Japan). This diluted sperm suspension was used for the sperm 
quality assessments and the original sperm suspension then stored in a 4°C refrigerator 
immediately after the sperm aliquot was withdrawn.  
 
7.3.4 Experimental design  
 
The experiment was designed to examine the effects of the moult stage, sperm extender, 
storage condition, and storage period on sperm quality during chilled storage (Figure 7.1). 
The moulting process of P. monodon can be divided into stages including ecdysis (E), post-
moult A, post-moult B, inter-moult C, pre-moult D0, pre-moult D1, pre-moult D2, pre-moult 
D3, and pre-moult D4 with respect to the progress of epidermal cuticle formation 
(Promwikorn et al., 2004). Although the moulting duration of penaeid prawns may vary 
according to their body weights, species and environmental factors, the relative duration of 
each moult stage is typically: 5-10% for A, 9-16% for B, 12-20% for C, 28-36% for D0 and 
D1, 30-38% for D2, D3 and D4 (Corteel et al., 2012; Hoang et al., 2003; Robertson et al., 
1987). The mean (± SE) intermoult period of P. monodon under our husbandry was 
determined to be 20.5 ± 0.36 days. To acquire sufficient animals representative of being in 
the early, middle and late stages during a moulting cycle, all animals in this experiment were 
categorized into three combined groups based their moult stages as B-C, D0-1 and D2-3. 
Stage E, A and D4 were not included as the duration of these stages was relatively short 
and the animals in these stages were too vulnerable to be handled. 
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Three types of sperm extender were used in this study: (1) artificial crustacean haemolymph 
(AH) (NaCl 27.058g/L, KCl 1.118g/L, CaCl2 0.368g/L, MgCl2・6H20 0.813g/L, MgSO4・
7H20 0.912g/L, HEPES Na salt 5.206g/L, pH 7.5) (Talbot et al., 1991); (2) calcium free saline 
(CS) (NaCl 21.63g/L, KCl 1.12g/L, H3BO3 0.53g/L, NaOH 0.19g/L, MgSO4・7H20 4.93g/L, 
pH 7.5) (Vuthiphandchai et al., 2007); and (3) filtered natural seawater (FS) by 10 μm pore 
diameter filter paper (Whatman®, Maidstone, UK). Five animals (5 replicates) from each 
grouped moult stage (B-C, D0-1, and D2-3) were assigned to each type of the sperm 
extender (AH, CS, and FS), so that the total number of animals in the experiment was 45 
(P01 – P45, see Figure 7.1).  
 
Figure 7.1: Diagram showing the process of experimental design. Note: AH - artificial lobster haemolymph; CS 
- calcium free saline; FS - filtered seawater; Sp - spermatophore; Fs - free sperm suspension; AR% - the 
percentage of acrosome reaction; Viab% - the percentage of viable sperm cells; SDF% - the percentage of 
sperm DNA fragmentation.  
 
Spermatozoa were stored, either as free spermatozoa (Fs) in the extender or contained 
within their spermatophore (Sp); this represented two different storage conditions. If only a 
single spermatophore was obtained from a selected animal, spermatozoa were released 
and assessed immediately after the spermatophore was collected, while the remaining 
sperm suspension was assessed again after being kept in a closed 1.5 mL eppendorf tube 
(Techno Plas, St Marys, Australia) at 4 °C for another period of time (5 – 8 days). If two 
spermatophores were recovered following electro-ejaculation, a spermatophore was 
processed following the same procedure as described in the aforementioned “single 
spermatophore” situation, whereas the other spermatophore was stored entirely at 4 °C in 
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the same extender and for the same period of time as the stored sperm suspension of the 
first spermatophore before the sperm were released for assessment. The storage period 
was in the range from 0 to 26 days and treated as a continuous variable rather than fixed 
sampling time points. 
 
7.3.5 Sperm Assessment 
 
7.3.5.1 The percentage of acrosome reaction (AR%) 
 
The acrosome reaction (AR) of a prawn sperm was determined by assessing acrosomal 
morphology as described by Pongtippatee et al. (2007) under the light microscope. The 
percentage of natural acrosome reaction (NAR%) was determined in this study by dividing 
the number of spermatozoa with a spontaneous reacted acrosome by the total number of 
observed spermatozoa (at least 300 per sample). The percentage of induced acrosome 
reaction (IAR%) was calculated using the same methodology as that described for the 
NAR%. In this case, a 5 mg/mL artificial acrosome reaction reagent was prepared by 
dissolving 10 mg Ca2+ ionophore A23187 (Sigma-Aldrich, Castle Hill, Australia) in 2 mL 
dimethyl sulfoxide (Sigma-Aldrich, Castle Hill, Australia). A 2 µL aliquot of the prepared 
ionophore reagent was added to a 200 µL aliquot of diluted sperm suspension to induce an 
AR; this suspension was thoroughly mixed and incubated at room temperature for 6 min as 
recommended by Clark et al. (1981).  
 
7.3.5.2 The percentage of viable sperm cells (Viab%) 
 
The percentage of viable spermatozoa (Viab%) was determined using the LIVE/DEAD 
sperm viability kit (Halotech VitalTest®, Madrid, Spain), which was validated for prawn 
spermatozoa before the experiment. Live spermatozoa with an intact plasma membrane 
fluoresced green, as the acridine orange (AO) supplied in the kit is an intercalating dye that 
can penetrate all spermatozoa with intact plasma membrane and attach to the sperm DNA, 
while dead spermatozoa showed red fluorescence as the propidium iodide (PI) component 
can only enter a spermatozoon with a damaged or broken plasma membrane. Acridine 
orange (1 µL) and PI (1 µL) from the sperm viability kit were thoroughly mixed on a coverslip 
before placing on 10 µL droplet of the diluted sperm sample on the microscope slide. Sperm 
Viab% was measured by determining the number of live (green) spermatozoa divided by the 
total number of spermatozoa (green + red, least 300) using an epi-fluorescence microscope 
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(Nikon Eclipse Ti-U) with FITC (Nikon B-2E/C) and TRITC (Nikon G-2E/C) filters mounted 
(Nikon, Tokyo, Japan).  
 
7.3.5.3 The percentage of sperm DNA fragmentation (SDF%) 
 
The percentage of sperm DNA fragmentation (SDF%) was tested using the sperm chromatin 
dispersion test (SCDt) kit (Halosperm®, Halotech, Madrid, Spain), which has been validated 
for P. monodon sperm (Feng et al., 2018). The diluted (15-20 × 106 mL-1) sperm sample (20 
µL) was gently mixed with 50 μL of low melting point agarose at 37 °C; 10 μL of this sperm-
agarose suspension was then placed onto a patented coated microscope slide (Halosperm®, 
Halotech, Madrid, Spain), covered with a coverslip and placed on a chilled (4 °C) surface 
for 5 min to allow the suspension to solidify to form a microgel. The coverslip was then 
removed and the sperm-laden microgel processed through a 5-min protein lysis, a 5-min 
rinse in dH20 and a graded series of dehydrations in 50%, 70%, and 100% ethanol. The air-
dried slide was then stained using a single DNA binding fluorochrome, SYBR Green (Sigma-
Aldrich, Castle Hill, Australia). Under the same epi-fluorescent microscope, sperm nuclei 
with fragmented DNA showed varying degrees of chromatin dispersion in the form of “halo” 
around a nucleoid core – sperm with damaged DNA possessed large halos with a 
discontinuous or “spotty” appearance compared to those sperm nuclei with non-fragmented 
DNA, as shown in the figures in the study of Feng et al. (2018). SDF% was calculated by 
determining the number of spermatozoa with fragmented DNA divided by the total number 
of observed spermatozoa (at least 300).  
 
7.3.6 Statistical analysis  
 
After the normality of data distribution was verified, a factorial ANOVA (R Core Team, 2015) 
was used to analyse the effects of all the factors and their interactions, where the factors 
including the moult stage, the extender and the storing condition were regarded as the 
categorical variables and the factor storage period was the continuous variable. A backward 
stepwise regression analysis based on Akaike Information Criterion (AIC) was first applied 
in an attempt to reduce the most insignificant factors and interactions in the all-factor 
regression model. The new regression models chose the most significant factors and the 
insignificant contributing main factors, only if their interactions had a significant effect and 
the normality of predicted residuals from these newly adjusted regression models was 
verified. The least-squares (LS) means generated from the new regression models were 
 139 
compared by the post-hoc Tukey’s HSD method (Lenth, 2016). Consequently, the averages 
of each sperm measurement were expressed as the LS-mean ± SE when comparing the 
effects of a single factor or a two-way interaction. The means of NAR% and IAR% were 
compared by the paired t-test, and the trends of SDF% over storage period were analysed 
by linear regression analysis. All figures were generated by the ggplot2 package (Wickham, 
2009) and the plyr package (Wickham, 2011).  
 
7.4 Results 
 
7.4.1 The percentage of acrosome reaction (AR%) 
 
The percentage of natural acrosome reaction (NAR%) revealed a significant interaction 
between moult stage and extender (P < 0.01) (Supplementary Materials Table 1). For the 
spermatozoa from the moult stages D01 and D23, NAR% was statistically similar regardless 
of the type of sperm extender (P > 0.05); nonetheless, for the BC stage spermatozoa, NAR% 
was significantly higher (P < 0.05) when using FS as the extender than when using CS 
extender and there was no difference (P > 0.05) between the values between AH and CS 
(Figure 7.2). For the spermatozoa using the same type of extender, NAR% was statistically 
similar (P > 0.05) regardless of the moult stage in which the sperm were collected (Figure 
2). Consequently, the lowest NAR% value was shown for the BC stage spermatozoa in the 
extender CS (12.56 ± 2.31%) and the highest NAR% values were found in the BC, D01 and 
D23 stage spermatozoa using the extender FS (28.04 ± 2.34%, 40.38 ± 6.77%, and 23.55 
± 2.23%) and the D23 stage spermatozoa in the extender AH (28.64 ± 2.17%).  
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Figure 7.2: Box plot showing the variance of the percentage of natural acrosome reaction (NAR%) between 
the sperm samples in different sperm extenders and from different moult stages. Note: the solid points 
connected by the dashed lines are the metric means of the box with the same colour and the hollow points are 
the outliers. Arithmetic means of extender and moult stage combinations that are not significantly different 
have the same letter codes (P<0.05). 
 
The artificial inducer of sperm acrosome reaction used in this study was shown to increase 
the mean of AR% by 6.22% (Paired t-test, P < 0.01). For the percentage of induced 
acrosome reaction (IAR%), only a significant moult stage × extender interaction was 
detected (P < 0.05) (Supplementary Materials Table 2). For spermatozoa from the moult 
stage BC, IAR% was significantly lower (P < 0.05) when using CS as the extender rather 
than FS; nonetheless, for spermatozoa from the D01 and D23 stages, IAR% was not 
significantly different (P > 0.05) between the samples in three types of extenders (Figure 
7.3). For the spermatozoa in the same type of extender, it was similar to the case of NAR% 
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in that there was no statistical difference (P > 0.05) between the IAR% values of the 
spermatozoa from various moult stages (Figure 7.3). Overall, the detected interacting effect 
on IAR% was attributed to the lower value for the BC stage spermatozoa in the extender CS 
(19.31 ± 3.24%) and higher value for the BC and D01 stage spermatozoa in the extender 
FS (52.13 ± 9.52% and 37.19 ± 3.30%), which was also similar to the pattern observed in 
NAR%.  
 
 
Figure 7.3: Box plot showing the variance of the percentage of induced acrosome reaction (IAR%) between 
the sperm samples in different sperm extenders and from different moult stages. Note: the solid points 
connected by the dashed lines are the metric means of the box with the same colour and the hollow points are 
the outliers. Arithmetic means of extender and moult stage combinations that are not significantly different 
have the same letter codes (P<0.05). 
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7.4.2 The percentage of viable sperm cells (Viab%)  
 
During chilled storage of spermatozoa, a significant difference of the percentage of viable 
sperm cells (Viab%) was only detected between sperm samples using different sperm 
extenders (P < 0.01) (Supplementary Materials Table 3). Viab% of spermatozoa in the 
extender CS (90.75 ± 1.04%) was significantly lower than that in the extender FS (94.74 ± 
1.03%), while there was no significant difference of Viab% between the sperm samples in 
the extenders of AH and FS, and between AH and CS (Figure 7.4).  
 
 
Figure 7.4: Box plot showing the variance of the percentage of viable sperm cells (Viab%) between the sperm 
samples in different sperm extenders. Note: the solid points are the metric means of the box and the hollow 
points are the outliers. Arithmetic means that are not significantly different have the same letter codes (P<0.05). 
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7.4.3 The percentage of sperm DNA fragmentation (SDF%) 
 
The percentage of sperm DNA fragmentation (SDF%) showed a significant interaction 
between moult stage and period of storage (P < 0.05) (Supplementary Materials Table 4). 
As shown in Figure 7.5, SDF% significantly increased over the period of chilled storage for 
the spermatozoa from the moult stage BC (y = 9.05 + 0.74x, R2 = 0.17, P < 0.05), and the 
moult stage D01 (y = 7.92 + 0.89x, R2 = 0.30, P < 0.01); in contrast, SDF% of the D23 stage 
spermatozoa was initially elevated and did not change significantly over time (y = 25.50 + 
0.012x, R2 = 7.00 × 10-4, P > 0.1).  
 
Figure 7.5: Regression analysis for the percentage of sperm DNA fragmentation (SDF%) fitted to the period of 
chilled storage in sperm samples taken from males of different moult stages. Note: the solid lines are the 
regression lines and the shaded regions near the lines are the 95% confidence regions.  
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7.5 Discussion  
 
The findings of this study revealed that prawn sperm quality parameters associated with the 
integrity of acrosome, plasma membrane and DNA were influenced differently by the 
experimental factors that included the moult stage, the sperm extender, the storage period, 
and the storage condition. While acrosome integrity was highest for the early-moult-stage 
spermatozoa stored in the calcium free saline extender, it proved to be the lowest for the 
late-moult-stage spermatozoa in the extenders containing calcium. Paradoxically, the 
results indicated that the calcium free saline protected the sperm acrosome during chilled 
storage but at a cost to the sperm plasma membrane integrity. Moreover, sperm DNA 
fragmentation increased as the chilled storage was prolonged. The increasing trend of DNA 
fragmentation observed in early-moult-stage or middle-moult-stage sperm appeared to be 
related to some unknown inherent causes rather than from the effect of prolonged storage, 
as the late-moult-stage spermatozoa had an initially high level of DNA fragmentation that 
did not change during the period of storage. Interestingly, whether the spermatozoa were 
embedded in the spermatophore or suspended freely in the solution appeared to have no 
deleterious effect on the measured sperm quality parameters during the chilled storage. 
 
Our results suggest that the type of sperm extender has significant impact on the sperm 
quality parameters including the integrity of sperm plasma membrane and acrosome during 
the chilled storage of prawn spermatozoa. The values of sperm cellular parameters NAR% 
and Viab% were found to be lowest in CS, highest in FS, and those measurements in AH 
were similar or slightly lower than those in FS. The calcium free saline (CS) has been 
recommended as an extender for sperm cryopreservation in P. monodon as the removal of 
calcium in the extender can prevent the spontaneous occurrence of acrosome reaction (Bart 
et al., 2006; Vuthiphandchai et al., 2007). The ability of CS to prevent the acrosome reaction 
was confirmed in this study as the NAR% was indeed lower in CS than in other extenders 
that contained calcium. However, the lower Viab% of the sperm in CS means this sperm 
extender may not be optimal for the maintenance of sperm plasma membrane integrity. 
Orlov et al. (2005) have verified that extracellular calcium was important to maintain the 
integrity of cellular plasma membrane (nucleated cells); consequently, although the 
depletion of calcium in CS can protect the sperm acrosome, it can unfortunately also exert 
a corresponding deleterious effect on the sperm plasma membrane at the same time.  
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Furthermore, this study showed that the calcium ionophore A23187 had a limited ability to 
induce the acrosome reaction (AR) for the P. monodon spermatozoa collected from 
spermatophores. The induced 6.2% increase of AR level in this study was much lower than 
30% - 40% to 100% observed in the lobster Homarus americanus (Talbot and Chanmanon, 
1980) and from less than 1% to 55% in the prawn Sicyonia ingentis (Clark et al., 1981). The 
incompetence of the calcium ionophore to induce AR in this study may be related to the 
incapacitated status of the majority of prawn spermatozoa from spermatophores; as for 
species such as P. monodon, spermatozoa require at least 3 days of “capacitation” in the 
female thelycum to fully obtain the ability to induce acrosome reactions (Vanichviriyakit et 
al., 2004). For future studies, the capability of AR induction for capacitated spermatozoa of 
P. monodon  should be compared between calcium ionophore A23187 and “egg water” 
which has been currently accepted as the most convincing AR inducer for penaeid 
spermatozoa (Alfaro et al., 2003).  
 
Moult-related variance of sperm quality in this study was evident in the parameters of sperm 
acrosome and DNA integrity. Our results showed that late-moult-stage (D2-3) spermatozoa 
had a higher NAR % and SDF% than those of the early-moult-stage (B-C) spermatozoa. A 
higher NAR% of late-moult-stage spermatozoa suggests a more capacitated status of the 
sperm acrosome in these “aged” spermatozoa (Kruevaisayawan et al., 2008; Pongtippatee 
et al., 2007), and the higher SDF% in the late-moult-stage spermatozoa indicated that these 
“aged” spermatozoa were more likely to accumulate DNA nicks due to the chromatin 
alteration, perhaps associated with oxidative stress from reactive oxygen species from being 
kept within the terminal ampoule during the intermoult period (Sakkas and Alvarez, 2010). 
Alternatively, the increasing SDF level of “young” early-moult-stage spermatozoa could be 
linked to inherent biochemical activities such as a paternal DNA epigenetic modification that 
would normally occur in terminal ampullae or thelyca, rather than accumulated DNA 
damages caused by external factors (Miller et al., 2010). Further studies are required to 
discriminate between these possibilities. The data in this study affirmed the evidence of 
moult-related spermatophore renewal cycle for P. monodon, similar to the phenomenon 
observed in L. vannamei (Heitzmann et al., 1993; Parnes et al., 2006) and F. brasiliensis 
(Braga, Lopes, et al., 2014), where the renewal cycle of spermatophores is assumed to 
ensure the “old” late-moult-stage spermatophores with associated reduced sperm quality 
are replaced by the “new” early-moult-stage spermatophores with better sperm quality after 
each ecdysis, so as to maintain male fertility in an optimal state.  
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It is well acknowledged that the decline of sperm quality during sperm storage (chilled 
storage and cryopreservation) is inevitable due to the thermal, osmotic and oxidative 
stresses from sudden changes in temperature, the dilution effect of sperm extender, the 
occurrence of reactive oxygen species, the contamination of bacteria and the lack of repair 
mechanisms in the spermatozoon (Holt and Lloyd, 2010; Nimrat et al., 2008; Shaliutina et 
al., 2013; Vishwanath and Shannon, 1997). Nonetheless, the sperm quality observed 
declining in this study was the molecular parameter SDF%, while no significant changes 
were detected for the cellular parameters AR% and Viab% over the period of chilled sperm 
storage. This result implies that an increasing number of spermatozoa will have DNA 
damage as the chilled storage continues over time despite the plasma membrane and 
acrosome of these spermatozoa remaining intact. Such phenomenon is likely to be under-
estimated when only conventional sperm quality parameters such as sperm viability and 
sperm morphology are assessed (Castelo-Branco et al., 2018).  
 
The storage condition of spermatozoa did not make a difference to the sperm quality during 
chilled storage as we observed in this study. We initially assumed that the sperm quality 
should be better when the whole spermatophore rather than free spermatozoa in the 
suspension was chilled stored due to the protection of the glutinous fluid surrounding the 
spermatozoa in the spermatophore. According to the study of Sasikala and Subramoniam 
(1987), the spermatophoral fluid of penaeid prawn is composed of several acid 
mucopolysaccharides, which function as the sperm cementing and aggregating material and 
as a buffer for balanced osmosis and antibiotics. However, our study found the release of 
the spermatozoa from the spermatophore did not predispose the spermatozoa to greater 
degradation, which coincides with the results shown by Lezcano et al. (2004). They found 
the sperm viability as indicated by morphotype analysis and flow cytometry was similar 
among frozen-thawed sperm suspension, spermatic mass, and whole spermatophore. 
Perhaps this phenomenon was related to the relatively low dilution rate of liberated 
spermatozoa in the solution, so that there was still sufficient protective capacity from the 
spermatophoral fluid in the sperm suspension.  
 
In conclusion, this study has successfully revealed the increasing tendency of acrosome 
reaction and sperm DNA fragmentation from the “young” early-moult-stage spermatozoa to 
the “aged” late-moult-stage spermatozoa, indicating the existence of moult-related 
spermatophore renewal cycle in P. monodon. If prawn spermatophores are collected for 
sperm preservation and artificial insemination in prawn aquaculture hatcheries, male 
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broodstock in their early or middle moult stages should be primarily selected for better sperm 
quality. In addition, sperm DNA damage was found accumulating during a prolonged chilled 
storage of spermatophore, while the changes in the integrity of sperm plasma membrane 
and acrosome were undetected during the same time. It is proposed that sperm DNA 
damage assessment should be considered as part of a sperm quality index in an effort to 
improve protocols for short-term and long-term storage of prawn spermatophores.  
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Chapter 8: General conclusion and contribution to the advancement of 
prawn aquaculture 
 
Despite being the second largest farmed prawn species worldwide, the reproductive cycle 
of Penaeus monodon has rarely been closed in domestication as reliably as that of its global 
seafood market competitor, Litopenaeus vannamei (Norman-Lόpez et al., 2016). For 
decades, efforts have been made to improve the reproductive performance of P. monodon 
broodstock in the aquaculture hatchery with a prioritized focus on the female perspective 
(Coman et al., 2016). It was generally considered that the reproductive fitness of male 
broodstock was less affected by the captive rearing conditions. Nonetheless, it is possible 
that hatchery operators have underestimated potential male reproductive issues due to 
dearth of information on basic male reproductive biology and effective sperm quality 
assessing methods. Consequently, this thesis began by addressing the paucity of traditional 
morphological descriptions of spermatogenesis and spermatophore manufacture in P. 
monodon. The second section brought state-of-the-art digital technologies and 
methodologies to build upon traditional ultrastructural methodologies, e.g. histology, 
transmission electron microscopy (TEM), and scanning electron microscopy (SEM). Serial 
block-face scanning electron microscopy (SBF-SEM) gave an unprecedented view of the 
detailed ultrastructure of a P. monodon spermatozoon, and the micro-computed tomography 
(Micro-CT) assisted in answering an old mystery - how do prawns physically transfer the 
spermatophore. Finally, this thesis explored the possibility of adding the sperm chromatin 
dispersion test (SCDt) for the evaluation of sperm DNA damage in P. monodon to the prawn 
hatchery’s tool-kit. The application of this novel assessing technique successfully revealed 
the sperm quality differences between spermatophores of wild and captive male broodstock, 
and provided evidence for the moult-related renewal cycle of spermatophores.  
 
The first study (Chapter 2) of this thesis followed the morphological transformation of the 
decondensed nucleus and the spike-shaped acrosome in spermatids during 
spermiogenesis, knowledge from which can now be used as an atlas of the normal 
spermatogenesis for future studies of pathology or applied andrology. In addition, 
documented spermatogenesis in this study highlighted for the first time an interesting 
electron-dense ring-like structure (RLS), which appeared adjacent to the nucleus of the 
primary spermatocyte during early spermatocytogenesis and disappeared at the end of 
meiotic prophase. According to its spatial and temporal characteristics, the RLS has been 
identified as a germ-cell-specific organelle reported elsewhere as the “chromatoid body” 
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(CB) (Parvinen, 2005). It is speculated that the CB might be a RNA processing and storing 
centre related to the post-transcriptional activities or a degradation site filled with 
aggresomes, lysosomes, and proteasomes (Haraguchi et al., 2005; Kotaja et al., 2006). P. 
monodon may therefore serve as a potential model animal in which the function of CB 
associated with the process of spermatogenesis may be examined, as this structure is 
extremely prominent in the spermatocyte of this species.  
 
Following the formation in the testis, the journey of spermatozoa continued in the male 
reproductive tract with post-testicular sperm acrosome maturation and formation of the 
spermatophore (Chapter 3). It was confirmed in this thesis that the three laminated layers of 
spermatophore of P. monodon were assembled from four types of epithelial secretion arising 
from the proximal vas deferens to the terminal ampulla. It was also revealed that unique 
folds of the vas deferens epithelium played an important role in the construction of the 
spermatophore, particularly in the lamination of the spermatophore appendage. Further 
research should focus on the chemical composition and function of each type of epithelial 
secretion in an attempt to potentially develop or mimic the essential components suitable for 
production of an artificial “spermatophore” for advanced sperm preservation techniques. In 
addition, most spermatozoa observed in the proximal vas deferens of the prawns in this 
thesis did not have a fully developed anterior spike or subacrosomal region. Nonetheless, 
both these structures were fully formed by the time the spermatozoa had reached the mid 
vas deferens and they showed increased electron density once in the terminal ampulla. 
Further biochemical investigation should be conducted to ascertain whether post-testicular 
sperm acrosome maturation noted in this thesis is related to some form of sperm 
capacitation that usually takes place in the female thelycum. If spermatozoa recovered from 
the spermatophore can be artificially induced or manipulated to be capacitated, this may 
facilitate artificial insemination procedures for selective breeding programmes in the future.  
 
Once spermatozoa were packaged in their spermatophore, they are then ready to be 
delivered to the female thelycum. To investigate how the spermatophore was transferred, 
the mechanics of external genitalia was studied for the first time using structural 3D 
reconstruction and movement simulation (Chapter 4). The results of this study and 
behavioural observations from the literature were used to speculate on the possible 
copulatory mechanics associated with deposition of the spermatophore into the female 
thelycum. It was proposed that the spermatophore is initially transferred into the 
spermathecae of female’s thelycum by being ejaculated into the ventromedial groove of the 
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petasma and released by abdominal flexure; during this process, the “spike-like” setae 
observed on the petasma and appendices masculinae were assumed to control the 
transferring direction of the spermatophores. It was concluded that the reconstructed 3D 
models of the prawn external genitalia were more instructive and realistic for the 
demonstration of anatomical topography than traditional diagrams; more importantly, they 
can also provide an opportunity for the virtual simulation of the action of invertebrate 
structures that were difficult to observe directly. Future studies should focus on improving 
the simulation using more sophisticated models and animations in association with the 
morphological dynamics of spermatophores, the actions of pereiopods and pleopods, and 
the whole body movement mechanics of the male and female prawns. A comprehensively 
established system of model simulation is likely to be more effective at exploring alternative 
hypotheses of functional anatomy for the external genitalia and/or appendages in penaeoid 
species or other crustaceans than direct observations. 
 
To expand and modernize the assessment of sperm quality for P. monodon, the study in 
Chapter 5 used serial block face scanning electron microscopy (SBF-SEM) to provide a 
comprehensive 3D description of P. monodon sperm ultrastructure. This technique provided 
novel observations of organelle electron-topography that would be difficult to conceptualize 
using only conventional transmission electron microscopy or scanning electron microscopy. 
The large sequential image dataset obtained in this thesis enabled the discovery of difficult-
to-identify ultrastructures, such as the large electron-lucent vesicles and “arch-like” 
structures in the subacrosomal region of a P. monodon spermatozoon. Additionally, electron 
tomographic software allowed the sperm cell to be digitally re-sectioned and thereby viewed 
from multiple perspectives; this particular function was ideal if the original sectioning 
direction was not appropriate, as it allowed delineation of irregular-shaped structures, such 
as the acrosomal chamber and large central granular masses in the nuclear region. The 3D 
remodelling of sperm ultrastructure using sequential SBF-SEM images, not only provided 
an accurate and simultaneous visualization of both internal and external morphologies, it 
also allowed visualization of the physical distribution and organization of cellular subunits 
(organelles) within the spermatozoa, such as detection of degenerated mitochondria. 
Furthermore, quantitative values in length, volume and surface area were precisely 
accessed by the software. The results of this study and future application of SBF-SEM on 
sperm-related mechanisms for penaeids or other decapod crustaceans will allow a more 
informed understanding of what constitutes normal sperm morphology and 
spermatogenesis in this taxon; this is particularly important in sperm where traditional 
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measures of sperm quality, such as motility are not relevant. SBF-SEM will also serve as an 
advanced tool for comprehensively tracking biomarkers in future studies related to 
capacitated sperm modification or sperm cryoinjury evaluation.  
 
Sperm DNA quality has been used in a range of mammalian species to explain male 
infertility that cannot be easily accounted for by traditional sperm quality parameters (Sakkas 
and Alvarez, 2010). This thesis reported for the first time the development, validation and 
execution of a species-specific sperm chromatin dispersion test (SCDt) to assess sperm 
DNA fragmentation in a prawn species (Chapter 6). SCDt was validated by a strong 
correlation between the results of the two-tailed comet assay and the SCDt. As revealed by 
the SCDt, mechanical stress associated with vigorous vortexing of the spermatozoa did not 
increase the level of sperm DNA fragmentation. Further studies are required to clarify 
whether the extent of mechanical stress applied in this study was sufficient to induce 
damage to the sperm DNA or whether the uncondensed chromatin structure in the prawn 
sperm cell nucleus affords a high level of innate DNA stability in this taxon. The unique 
structure of prawn (decapod) chromatin, which appears to lack protamine and which remains 
uncondensed after sperm maturation (Kurtz et al., 2009; Kurtz et al., 2008), would likely 
make an interesting experimental model to explore the nature of sperm DNA stability 
compared to that of therian spermatozoa, which in contrast replace histones with protamines 
to condense sperm chromatin and facilitate DNA stability (Eirin-Lopez and Ausio, 2009). 
Additionally, this thesis revealed that domesticated male broodstock sampled had sperm 
with a higher SDF level than that of the wild male broodstock available; this could be 
potential evidence of poorer sperm quality associated with domestication. Although further 
observations using larger sample sizes of prawns, with varying degrees of domestication 
(F1 to Fn) are required to substantiate this hypothesis, at least now, there is a sperm DNA 
fragmentation assay to examine this question. 
 
To further explore potential methods for sperm quality assessment in P. monodon, multiple 
parameters of sperm quality relating to structural integrity of the plasma membrane, 
acrosome, and DNA were evaluated after periods (0 – 26 days) of chilled storage (Chapter 
7). Assuming that sperm quality may also be related to the prawn moulting cycle, 
spermatozoa from early (BC), middle (D01), and late (D23) moult stages were compared in 
this study. Sperm quality was also compared over time between the sperm samples 
preserved in three different prawn sperm extenders, that included artificial lobster 
haemolymph (AH), calcium free saline (CS), and filtered seawater (FS), and between two 
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storage conditions, either as a free sperm suspension or retained within the intact 
spermatophore. Results from this study proved that the acrosome integrity was maintained 
higher for the post-moult spermatozoa stored in the calcium-depleted extender, but less for 
the pre-moult spermatozoa in the calcium-contained extender. Paradoxically, the results 
also indicated that the calcium free saline extender protected the sperm acrosome during 
chilled storage but at cost to the sperm plasma membrane integrity. Further research is 
needed to adjust the ingredients of commonly used prawn sperm extenders to achieve a 
more balanced preserving effect with respect to the different sperm organelles. This study 
also showed that the calcium ionophore A23187 had a limited ability to induce the acrosome 
reaction (AR) for the P. monodon spermatozoa collected from the spermatophores. More 
studies should be conducted to determine whether this low level of induced AR is linked to 
the incapacitated state of spermatophore spermatozoa. Moreover, while sperm DNA 
fragmentation of post-moult and inter-moult sperm cells increased as the chilled storage was 
prolonged, the pre-moult sperm cells had initially high level of DNA fragmentation that did 
not change during the period of storage. Therefore, further studies are required to confirm 
whether this increasing trend of DNA fragmentation observed in the post-moult and inter-
moult spermatozoa is related to some inherent DNA damages associated with their 
production during spermatogenesis or due to the detrimental effects of prolonged sperm 
storage associated with factors such as oxidative damage. The moulting related variances 
of acrosome integrity and sperm DNA fragmentation as observed in this study appeared to 
be the first indirect evidence of the existence of a spermatophore renewal cycle in this 
species. In future studies, moult related variance of SDF may help to explain whether the 
observed differences in SDF levels between spermatophoral spermatozoa from wild and 
domesticated males in the previous study (Chapter 6) is related to the various moult stages 
of the animals.  
 
This thesis has not only expanded the basic knowledge of male reproductive biology of P. 
monodon from the perspective of spermatogenesis to the packaging and transfer of 
spermatozoa, but also provided new developments in the assessment of sperm quality with 
a special focus on the evaluation of sperm DNA fragmentation. These new findings here 
have compensated the paucity of knowledge in previous studies in this area and will open 
windows for future studies. Additionally, the results reported in this thesis raise concerns 
about the possible deteriorating impact of domestication on the reproductive wellness of P. 
monodon male broodstock. To better serve P. monodon aquaculture industry, more 
research projects should be carried out based on the results of this thesis, in regard to the 
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mechanism of sperm maturation and capacitation, the relationship between sperm 
producing cycle and moulting cycle, improved sperm preservation protocols, and advances 
on the technique of artificial insemination and fertilization.  
 
A better understanding of prawn sperm maturation/capacitation and moult-reproduction 
relationship will eventually lead to a successful artificial manipulation of male prawn gamete 
for external fertilization. Spermatophoral spermatozoa of closed thelycum penaeid prawns 
are initially incapacitated (Vanichviriyakit et al., 2004) and the eggs instantly become 
impervious upon spawning (Pongtippatee-Taweepreda et al., 2004); therefore, advanced 
manipulating approaches are needed to activate both spermatozoa and ova before the 
attempt of external fertilization. Nonetheless, once external fertilization has been achieved, 
the processes for selective breeding programmes or large-scale larvae production will be 
greatly facilitated to be more simplified and efficient - more attention can be paid to the 
selection or production of required genotypes rather than worrying about the maintenance 
of large cohorts of broodstock, the low mating and fertilization rate in captivity, or even the 
disease or mortality associated with some valuable breeders. Additionally, novel 
spermatophore storage and transport techniques will hasten adoption of “spermatophore 
sharing” programmes between prawn hatcheries - exchange of germ plasm between 
otherwise isolated stocks (Le Moullac et al., 2003). This will simplify the establishment and 
maintenance of pathogen free lineages as the hosts of most common prawn pathogens are 
the animals themselves and the spermatophores are perhaps more easily screened and 
treated (Cowley et al., 2002).  
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Appendices 
 
Supplementary Materials Video 1: Animation of the proposed mechanics of Penaeus 
monodon external genitalia associated with the spermatophore transfer.   
https://youtu.be/lz0qwxy17kQ 
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Supplementary Materials Table 1.1: Factorial ANOVA for NAR% by the main effectors from 
the adjusted regression model 
Source df Sum of squares 
Mean 
square F value P value Significance 
Moult Stage 2 431.2 215.62 3.628 0.030 * 
Extender 2 789.2 394.58 6.640 0.002 ** 
Storage Period 1 105.4 105.39 1.774 0.186  
Moult Stage × 
Extender 4 898 224.51 3.778 0.007 ** 
Moult Stage  × 
Extender × 
Storage Period 
8 783.5 97.94 1.648 0.122  
Residuals 94 5586 59.43    
 
Supplementary Materials Table 1.2: Least-squares means and Tukey’s HSD comparison of 
NAR% between different moult stages 
Moult 
Stage LS-mean SE df 
Lower.CL 
(α = 0.05) 
Upper.CL 
(α = 0.05) 
Tukey’s 
group 
BC 20.198 1.331 94 16.962 23.435 a 
D23 24.959 1.411 94 21.528 28.390 b 
D01 27.879 3.346 94 19.745 36.013 ab 
 
Supplementary Materials Table 1.3: Least-squares means and Tukey’s HSD comparison of 
NAR% between different extenders 
Extender LS-mean SE df Lower.CL (α = 0.05) 
Upper.CL 
(α = 0.05) 
Tukey’s 
group 
CS 18.871 1.421 94 15.416 22.326 a 
AH 23.510 2.585 94 17.227 29.793 ab 
FS 30.655 2.502 94 24.573 36.738 b 
 
Supplementary Materials Table 1.4: Least-squares means and Tukey’s HSD comparison of 
NAR% between moult stages and extenders 
Moult 
Stage Extender LS-mean SE df 
Lower.CL 
(α = 0.05) 
Upper.CL 
(α = 0.05) 
Tukey’s 
group 
BC CS 12.555 2.307 94 6.026 19.085 a 
BC AH 20.005 2.266 94 13.590 26.419 ab 
D01 CS 21.373 2.143 94 15.307 27.439 ab 
D01 AH 21.882 7.091 94 1.810 41.955 ab 
D23 CS 22.685 2.875 94 14.547 30.823 ab 
D23 FS 23.550 2.227 94 17.246 29.853 b 
BC FS 28.035 2.344 94 21.400 34.669 b 
D23 AH 28.643 2.167 94 22.508 34.778 b 
D01 FS 40.381 6.774 94 21.208 59.555 b 
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Supplementary Materials Table 2.1: Factorial ANOVA for IAR% by the main effectors from 
the adjusted regression model 
Source df Sum of squares 
Mean 
square F value P value Significance 
Moult Stage 2 317.1 158.56 1.350 0.264  
Extender 2 665.5 332.77 2.834 0.0638  
Storage Period 1 149.4 149.36 1.272 0.262  
Moult Stage × 
Extender 4 1441.4 360.36 3.069 0.020 * 
Moult Stage × 
Extender ×  
Storage Period 
8 1438.3 179.79 1.531 0.157  
Residuals 94 11037.2 117.42    
 
Supplementary Materials Table 2.2: Least-squares means and Tukey’s HSD comparison of 
IAR% between moult stages and extenders  
Moult 
Stage Extender LS-mean SE df 
Lower.CL (α 
= 0.05) 
Upper.CL 
(α = 0.05) 
Tukey's 
group 
BC CS 19.309 3.243 94 10.130 28.487 a 
BC AH 25.330 3.185 94 16.314 34.347 ab 
D01 AH 27.970 9.968 94 -0.245 56.185 ab 
D01 CS 28.770 3.013 94 20.243 37.297 ab 
D23 FS 29.112 3.130 94 20.252 37.972 ab 
D23 CS 31.919 4.042 94 20.479 43.359 ab 
D23 AH 33.063 3.047 94 24.439 41.687 ab 
D01 FS 37.193 3.295 94 27.867 46.519 b 
BC FS 52.129 9.522 94 25.177 79.080 b 
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Supplementary Materials Table 3.1: Factorial ANOVA for Viab% by the main effectors from 
the adjusted regression model  
Source df 
Sum of 
square
s 
Mean 
square F value P value Significance 
Extender 2 377.6 188.775 5.0467 0.00828 ** 
Storage 
Condition 1 136.4 136.371 3.646 0.0593 . 
Moult Stage 2 211.4 105.708 2.826 0.0643 . 
Moult Stage ×  
Extender × 
Storage Period 
12 707.1 58.929 1.575 0.112  
Residuals 94 3516.1 37.406    
 
Supplementary Materials Table 3.2: Least-squares means and Tukey’s HSD comparison of 
Viab% between different extenders  
Extender LS-mean SE df Lower.CL (α = 0.05) 
Upper.CL 
(α = 0.05) 
Tukey’s 
group 
CS 90.757 1.037 94 88.237 93.278 a 
AH 94.003 0.998 94 91.577 96.429 ab 
FS 94.739 1.034 94 92.226 97.253 b 
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Supplementary Materials Table 4.1: Factorial ANOVA for SDF% by the main effectors from 
the adjusted regression model 
Source df Sum of squares 
Mean 
square F value P value Significance 
Moult Stage 2 3007.1 1503.54 13.615 5.46 × 10-6 *** 
Storage Period 1 1372.7 1372.69 12.431 6.25 × 10-4 *** 
Moult Stage × 
Storage Period 2 845 422.48 3.826 0.0249 * 
Residuals 106 11705.5 110.43    
 
Supplementary Materials Table 4.2: Least-squares means and Tukey’s HSD comparison of 
SDF% between different moult stages 
Moult 
Stage LS-mean SE df 
Lower.CL (α 
= 0.05) 
Upper.CL 
(α = 0.05) 
Tukey’s 
group 
BC 17.164 1.810 106 12.773 21.555 a 
D01 17.638 2.205 106 12.288 22.988 a 
D23 25.629 1.802 106 21.258 30.001 b 
 
Supplementary Materials Table 4.3: Linear regression analysis for SDF% over storage 
period between different moult stages 
Moult 
Stage Intercept Coefficient df Residual SE R squared P value 
BC 9.0472 0.742 35 11.18 0.173 0.0106 
D01 7.922 0.888 34 9.38 0.304 4.95 × 10-4 
D23 25.498 0.0120 37 10.83 6.99 × 10-5 0.960 
 
 
 
 
